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Abstract 


The  conforinal/planar  array  design  is  discussed 
with  particular  emphasis  on  radiation  theory,  baffle 
design,  transducer  design,  and  naval  engineering. 
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I . INTRODUCTION 


Over  the  last  few  years  a wide  range  of  proposals  have  been 
put  forth  for  the  design  of  the  C/P  sonar  array  with  respect  to 

array  factor » wedge  angle,  use  of  a dome,  use  of  a boot,  element 

1 

design,  means  for  control  of  baffle  impedance,  array  orientation, 
size,  location  on  the  ship,  etc.  The  divergence  of  opinion  prob- 
ably reflects  different  assumptions  about  the  objectives  of  the 
program  and  also  the  large  number  of  technical  problems  about  which 
there  is  Inadequate  knowledge.  Under  these  circumstances  it  is 
impossible  to  prove  that  any  particular  design  is  best;  one  has  to 
try  to  estimate  what  will  be  gained  if  each  design  should  be  suc- 
cessful and  estimate  the  risks  associated  with  that  design,  and  then 
choose.  We  will  try  to  make  explicit  our  assumptions  about  goals, 
and  the  theoretical  and  experimental  bases  for  our  technical  rec- 
ommendations . 

The  prime  objective  in  our  approach  has  been  to  realize  as  much 
weapon  system  performance  for  as  little  money  as  possible.  We  em- 
phasize weapon  system,  as  opposed  to  sonar  system,  performance. 

That  is,  we  consider  the  penalty  attributable  to  the  sonar  in  drag 
and  weight  on  the  ship,  to  be  of  great  Importance.  This  has  led  to 
the  sonar  keel  approach.  The  air  filled  keel  adds  a minimum  to  the 
displacement  and  drag  of  the  ship.  It  takes  advantage  of  the  ship's 
hull  for  baffling  against  surface  noise  and  bubbles.  It  provides 
an  accessible  space  in  immediate  proximity  to  the  elements  for  sonar 
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electronics.  The  sonar  keel  is  load  bearing,  supporting  the  ship  in 
drydock.  The  sea  chests  which  house  the  transducer  elements  provide 
resonant  stiffening  of  the  baffle  which  permits  the  array  to  be  steered 
to  end  fire.  The  sea  chests  also  suppress  structure  borne  and  flow 
excited  vibration  of  the  baffle.  If  it  should  prove  necessary  or 
desirable  a boot  can  be  adhered  to  the  baffle,  and  individually  to 
the  elements,  or  a dome  can  cover  the  entire  structure. 

At  the  present  time  designs  for  array  housings  having  various 
wedge  angles  are  under  test  and  there  is  no  point  in  trying  to  pre- 
judge the  outcome  any  further.  In  our  March  1966  document,  "Recommenda 
tlons  for  Installation  of  ESS  on  the  USS  SPOKANE,"  we  outlined  our 
views  on  the  questions  of  dome  vs  no-dome,  array  tilt  angle ^ array 
factor,  and  naval  engineering  and  structural  considerations  in  our 
approach.  The  principal  issues  which  are  under  immediate  scrutiny, 
as  we  understand  them,  are:  (1)  The  means  for  increasing  baffle 

impedance  in  a sparse  array,  and  the  theoretical  and  experimental 
foundations  for  estimating  the  effects  of  finite  baffle  rigidity  on 
a full  size  array.  (2)  The  mechanical  problems  of  construction  of 
the  array  housing,  and  (3)  the  protection  of  the  housing  from  cavita- 
tion damage.  We  will  discuss  each  of  these  in  turn. 

A.  Means  for  Increasing  Baffle  Impedance  and  Effects  of  Finite 

Impedance  in  a Large  Array 

if 

Our  early  work  convinced  us  that  an  attempt  to  provide  adequate 
baffle  impedance  by  Increased  plate  thickness  led  to  excessively  heavy 
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plates.  Furthermore,  these  plates  supported  bending  waves  at  certain 
angles  of  incidence  which  resulted  in  a low  baffle  impedance.  This 
dilemma  led  to  the  idea  of  utilizing  resonances  in  attachments  to 
the  plate  which  could  provide  an  effective  impedance  which  exceeded 
that  due  to  the  added  mass,  over  a suitable  frequency  band.  By  con- 
necting these  attachments  through  the  plate  only,  the  bending  waves 
which  appeared  in  solid  plates  were  eliminated. 

We  embarked  on  a long  theoretical  and  experimental  program  during 
which  we  used  as  resonators  masses  mounted  on  springs  (studs) , solid 
bars  one-quarter  wavelength  long,  T-bars , cylindrical  sea  chests,  and 
combinations  of  these.  We  made  measurements  in  the  laboratory  in 
air  (comparing  stiffened  and  unstlffened  plates)  using  force  generators, 
loud  speakers  and  garden  hoses  as  sources  and  accelerometers  as  sensors. 
We  made  measurements  in  water  at  USNUSRL  comparing  stiffened  and  un- 
stlffened plates  using  hydrophones  mounted  flush  with  the  plates  as 
sensors.  We  have  also  excited  these  plates  mechanically  and  compared 
the  far  field  radiation  in  water  as  a function  of  frequency.  We  have 
tested  single  elements,  a line  array,  and  a 6 x 12  element  array  at 
Dodge  Pond  in  transmission  and  reception,  and  we  also  have  made  measure- 
ments on  the  resonantly  stiffened  baffle  of  this  array  in  air  for 
comparison.  We  have  attached  thousands  of  resonators  to  the  hull  of 
a destroyer  and  measured  the  magnitude  and  bandwidth  of  the  suppression 
of  acceleration  with  the  ship  underway  at  sea.  We  have  measurements 
on  plates,  stiffened  by  the  same  resonators,  excited  by  acoustic  waves 
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in  air  at  various  angles  of  Incidence.  We  have  extensive  measurements 
in  a sound  booth  in  air  on  sections,  at  full  scale,  of  resonantly 
stiffened  2x2  foot  plates;  we  have  1:6  scale  measurements  on  resonantly 
stiffened  plates;  and  we  have  both  1:6  and  1:4  scale  measurements  on 
"aluminum  block"  baffles. 

On  the  theoretical  side  we  have  done  extensive  work  in  calculating 

the  effects  of  finite  baffle  impedance  on  the  directivity  of  elements 

mounted  in  the  baffle  and  on  the  radiation  Impedance  of  such  elements. 

In  the  past  we  have  assumed  that  the  baffle  could  be  described  as 

having  a uniform  Impedance  over  its  surface.  We  recently  published 
* 

a study  which  shows,  as  a function  of  plate  thickness  and  frequency, 
the  spacing  at  which  discretely  placed  resonators  are  indistinguishable 
in  effect  from  continuously  distributed  resonators. 

A question  has  been  raised  about  the  relevance  of  measurements 
made  in  air  to  the  behavior  of  the  baffle  in  water.  There  are  two 
effects  to  be  considered:  the  difference  in  the  loading  of  water  and 

air  on  the  baffle,  and  the  difference  in  wavelength  at  a given  frequency. 
In  the  frequency  range  of  interest  the  impedance  of  the  baffle  must 
be  20  or  30  times  that  of  water  for  the  baffle  to  be  useful  (see  below) ; 
whether  the  impedance  of  the  medium  is  1/20  that  of  the  baffle,  or 
zero,  will  make  relatively  little  difference  in  the  response  of  the 
baffle.  The  matter  of  the  difference  in  wavelength  is  more  subtle. 
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It  Is  well  known  that  1£  the  wavelength  in  the  medium  exceeds  the 
bending  wavelength  in  a plate  flexural  waves  will  not  be  excited  in 
the  plate,  and  it  is  natural  to  suppose  that  waves  observed  in  air 
might  not  be  excited  in  water  because  the  wavelength  is  approximately 
five  times  greater  in  water.  We  are  not  however  dealing  with  unsup- 
ported plates,  but  with  plates  which  are  statically  supported  by  bulk- 
heads and  dynamically  supported  by  the  attachments  designed  to  Increase 
the  baffle  impedance.  The  distinction  is  apparent  from  consideration 
of  a simple  bar.  If  unsupported  it  will  respond  simply  as  1/curo  to  a 
uniform  pressure;  but  if  supported  at  one  end,  or  at  both  ends,  or 
anywhere  else,  it  will  respond  resonantly  as  a cantilever,  simple  beam, 
etc.  The  work  by  V.  Mangulls  and  D.  Yarmush  on  an  infinite  plate 
with  parallel  stiffeners  shows  this  clearly;  the  pressure  on  the  plate 
goes  to  zero  at  normal  incidence  when  the  plate  between  the  stiffeners 
resonates  as  a clamped-c lamped  beam.  In  the  absence  of  the  stiffeners 
there  would  be  no  resonance  at  any  frequency. 

The  experimental  work  is  consistent  with  these  observations.  All 
the  resonances  seen  at  grazing  angles  are  in  evidence  at  normal  incidenc 
In  fact,  we  almost  always  get  a greater  increase  in  Impedance  over  a 
wider  frequency  band  with  excitation  at  grazing  angles  than  we  do  at 
normal  incidence.  We  are  not  asserting  that  responses  in  air  and  water 
are  identical,  or  that  tests  on  small  sections  and  large  sections  give 
the  same  results.  We  do  assert  that  one  can  detect  the  presence  of 
resonances  in  the  frequency  band  of  interest  by  tests  in  air,  and  that 


* Discussed  in  Section  III 
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the  magnitude  of  the  average  decrease  in  acceleration  observed  in 
air  Is  a good  measure  of  the  Increase  in  Impedance  achieved  by  res* 
onant  stiffening. 

One  significant  question  frequently  raised  about  our  work  is, 
what  confidence  do  we  have  in  extrapolating  measurements  made  on 
small  baffles,  or  sections  of  the  full  array  (e.g.  Dodge  Pond  Test), 
to  the  full  C/P  array?  We  have  two  ways  of  estimating  what  will 
happen  in  a large  array  with  finite  baffle  Impedance.  We  know,  as 
an  upper  limit  on  the  effects  of  finite  impedance,  the  loss  at  grazing 
angles  due  to  a baffle  of  finite  rigidity  and  infinite  extent.  We 
can  superimpose  on  this  the  diffraction  loss  due  to  a finite  baffle  of 
infinite  rigidity.  The  second  means  of  estimating  the  loss  due  to 
finite  baffle  impedance  is  to  determine  the  velocity  distribution 
over  an  array  in  reception  by  matrix  inversion,  assuming  various 
impedances  looking  into  the  elements.  We  have  shown  analytically  that 
the  effective  baffle  impedance  is  related  to  the  assumed  element 
impedance  by  the  array  factor.  By  solving  for  arrays  of  increasing 
length  one  can  extrapolate  to  the  full  length  (which  we  have  done) ; 
or,  if  one  can  afford  it,  one  can  Invert  a matrix  for  the  full  array. 
Our  calculations  for  the  infinite  array  show  that  at  5°  from  grazing 
one  will  get  a loss  of  less  than  0.5  db  if  the  baffle  impedance  is 
30  times  that  of  water,  and  less  than  3 db  if  the  baffle  impedance 
is  20  times  that  of  water.  This  is  the  range  of  impedance  that  we 
have  been  achieving  experimentally. 
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B»  Mechanical  Problems  In  the  Construction  of  the  Array  Housing 

We  are  aware  of  two  mechanical  problems  related  to  our  proposed 
sonar  keel  configuration  which  have  been  of  concern  to  the  Navy. 

One  of  these  has  to  do  with  the  strength  of  the  structure  and  the 
other  with  the  reliability  of  the  proposed  electron  beam  welding 
technique.  We  have  not  been  authorized  to  work  on  either  of  these 
problems  during  the  last  year  so  that  our  position  on  structural 
questions  is  essentially  that  described  in  March  1966  in  our  "Recommenda 
tions  for  Installation  of  ESS  of  the  USS  SPOKANE,"  in  the  final  sec- 
tion by  I.  Melnlck.  To  summarize  briefly,  we  found  that  a 20  foot 
radius  of  curvature,  if  uncorrected  in  the  signal  generator  and  beam- 
former,  will  cause  a one-way  loss  of  gain  of  0.9  db  at  the  upper  end 
of  the  sonar  band  for  an  8'  high  array  in  the  worst  case  (array  steered 
to  broadside),  where  the  loss  is  tolerable.  The  loss  decreases  to 
zero  at  end-fire.  With  this  radius  a plate  thickness  of  less  than 
an  inch  appears  adequate.  We  have  been  directed  to  use  a radius  of 
40  feet.  We  think  this  decision  does  not  represent  a good  balance 
among  considerations  of  system  performance,  complexity  of  electronics, 
structural  integrity,  and  system  cost.  If  this  requirement  stands 
we  would  propose  to  rearrange  the  sea  chests  by  staggering  alternate 
rows  and  moving  the  rows  closer  together.  This  will  introduce  the 
sea  chests  as  effective  members  in  resisting  buckling  of  the  shell. 

It  will  also  increase  the  array  factor.  It  will  increase  the  system 
cost  and  weight  and  present  problems  in  making  watertight  subdivisions 
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The  uncertainty  at  this  time  about  the  reliability  of  electron 
beam  welding  is  very  xmfortunate  because  Che  matter  could  have  been 
settled  by  a modest  investment  in  a systematic  test  program.  As  it 
is  we  have  only  shoddy  and  conflicting  evidence  to  go  on,  and  the 
opinion  of  manufacturers  of  Che  welding  equipment.  We  were  given 
some  free  samples  of  electron  beam  weldments  which  were  sent  to  TMB 
for  examination.  These  welds  proved  to  be  unacceptable.  We  had 
some  other  samples  tested  for  yield,  ultimate  and  fatigue  strength, 
and  these  proved  as  strong  as  the  weaker  material  (316  stainless). 

We  had  some  sea  chests  welded  to  a plate.  This  specimen  passed  the 
full  shock  series  at  the  UERD  facility  of  TMB.  And  we  are  assured 
by  the  equipment  oianufacturers  that  good  welds  can  be  consistently 
made.  There  is  certainly  no  real  evidence  to  Che  contrary.  The  cost 
of  our  proposed  test  program  is  $8000. 

C.  The  Protection  of  the  Baffle  from  Cavitation  Damage 

In  the  TRG  proposed  configuration  Che  individual  transducer 
elements  are  supported  in  sea  chests  with  the  active  face  of  the  ele- 
ment flush  with  the  baffle.  This  active  face  has  a rubber  boot  attached 
to  it.  There  are  two  reasons  why  one  might  want  to  bond  a boot  to  the 
baffle  as  well,  with  circular  cut-outs  for  the  elements.  One  of  these 
reasons  is  that  there  is  a possibility  Chat  flow  noise  would  be  reduced 

* TRG  has  retained,  on  company  funds.  Prof.  Clyde  M.  Adams  of  MIT  as 
a consultant  on  this  problem.  The  results  of  his  work  will  be  sent 
to  PTD  as  soon  as  available. 
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by  the  boot  (this  is  not  certain) . The  second  reason  is  that  the 
boot  would  protect  the  baffle  from  damage  due  to  cavitation  caused 
by  the  acoustic  array.  Against  these  advantages  must  be  weighed  the 
difficult  problem  of  maintaining  such  a boot.  Most  of  the  initial 
Installation  could  be  made  by  vulcanizing  the  boot  to  the  baffle  in 
the  factory,  leaving  strips  exposed  in  the  vicinity  of  joints  to  be 
welded.  One  would  then  hope  to  finish  the  job  in  the  yard,  but  we 
are  not  confident  that  we  can  get  a smooth  surface  and  a strong  air- 
free  bond  under  shipyard  conditions. 

We  suggest  that  it  might  be  quite  feasible  to  omit  the  boot. 

At  least  tests  should  be  made  both  ways.  We  believe  that  the  problem 
of  cavitation  damage  might  be  solved  by  sensing  the  onset  of  cavitation 
at  the  electrical  terminals  of  each  element  and  automatically  limiting 
the  drive  to  that  le^el.  Once  cavitation  has  started  at  a given  element 
the  acoustic  power  output  from  that  element  does  not  Increase  with 
input  power  (it  usually  decreases).  The  additional  power  goes  into 
non-acoustic  energy,  part  of  which  causes  cavitation  damage  to  structure. 
The  situation  with  regard  to  predictability  of  the  far  field  patterns 
and  radiation  impedances  is  probably  improved  as  compared  to  fixing 
the  relative  drive  levels  and  driving  part  of  the  array  into  hard 
cavitation.  D.  Carson  of  NEL  has  suggested  that  the  drive  level  on 
the  entire  array  can  be  limited  to  a value  that  produces  an  indication 
of  cavitation  on  some  predetermined  number  of  elements.  This  will 
tend  to  limit  the  effective  shading  produced  by  the  automatic  control. 
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Another  possibility  would  be  to  sense  cavitation  In  the  acoustic  field 
using  a nuober  of  tiny  flush  elements  interspersed  among  the  transducer 
elements. 

If  it  is  possible  to  eliminate  the  boot  in  the  sparse  array 
configuration  this  may  be  one  of  the  significant  advantages  of  the 
sparse  over  the  dense  array,  since  the  latter  may  require  a boot  to 
achieve  adequate  surface  smoothness. 

D . Summary 

We  have  made  a large  number  of  studies  of  the  various  factors 
affecting  the  conformal/planar  array.  We  believe  that  the  studies 
indicate  that  the  array  could  be  built  now  without  any  further  major 
calculations  and  tests. 

The  array  should  be  located  in  a sonar. keel  hull  configuration. 
The  transducer  elements  should  be  placed  within  sea  chests  attached 
to  the  steel  plate  (about  3/4"  thick)  which  forms  the  air  backed  array 
baffle.  The  sea  chests  themselves  act  as  mechanical  resonators  which 
rigidize  the  baffle  over  the  frequency  band  from  2000  cps  to  3000  cps; 
additional  resonators  can  be  attached  to  the  steel  plate  between  sea 
chests.  The  transducer  elements  occupy  about  317.  of  the  total  array 
area.  The  array  consists  of  about  12  rows,  spaced  about  8"  apart,  and 
about  225  columns,  spaced  on  average,  8"  apart.  The  circular  piston 
of  an  array  element  has  a diameter  of  5" . The  transducer  element 


See  Section  V for  weight  Summary. 
**  See  Section  IV. 
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It  should  be  noted  that  our  experimental  tests  show  that  the 
baffle  will  also  be  rlgidized  at  frequencies  below  2000  cps  (see 
Section  III.B);  therefore  the  C/P  array  could  be  used  for  passive 
listening  at  lower  frequencies.  Actually  at  lower  frequencies  the 
baffle  does  not  have  to  be  as  rigid  as  at  the  higher  frequencies: 
the  attenuation  of  the  signal  near  end  fire  due  to  the  finite  Impedance 
of  the  baffle  depends  on  the  length  of  the  baffle  traversed,  where 
length  is  measured  in  wavelengths,  and  at  a fixed  point  on  the  array 
the  length  (in  wavelengths)  traversed  by  the  signal  decreases  as  the 
frequency  decreases. 
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II.  RADIATION  THEORY 

In  underwatar  acoustics  one  usually  Is  concerned  with  three 
acoustic  field  qviantities  for  any  given  sound  radiation  system;  the 
quantities  are: 

1.  the  far  field  radiation  pattern; 

2.  the  radiation  impedance  of  each  element  in  the  system; 

3.  the  location  and  value  of  the  maximum  pressure  in  the 
acoxistic  field. 

The  reasons  for  being  concerned  with  the  first  quantity  are 
obvious;  the  directivity  of  the  acoustic  system  affects  both  trans- 
mission and  reception  of  sound. 

The  radiation  Impedance  can  affect  the  electrical  phasing  and 
relative  voltages  which  have  to  be  applied  to  individual  elements  in 
the  system  if  one  wants  to  obtain  a given  far  field  pattern  in  trans- 
mission; or  it  can  determine  the  phases  and  voltages  one  obtains  in 
reception,  and  thus  affect  the  way  in  which  such  individual  signals 
have  to  be  added  for  optimum  reception  by  the  system.  However,  if  one 
applies  "Carson's  cure"^  to  the  array  elements,  the  effects  of  the 
changes  in  radiation  Impedance  can  be  made  negligible.  Thus  the  varia- 
tion of  radiation  impedance  with  steering  angle,  frequency,  or  position 


D.L.  Carson,  Diagnosis  and  Cure  of  Erratic  Velocity  Distributions 
in  Sonar  Projector  Arrays.  J.  Acoust.  Soc.  Am.  1191  (1962). 
Velocity  Control  is  achieved  by  making  the  transducer  impedance 
much  larger  than  the  radiation  impedance. 


II-l 


WP- 2401-42027 


in  the  array  is  not  an  important  factor  in  the  array  design  if  one 

considers  only  the  effects  of  the  radiation  impedance  on  the  inputs 

or  outputs  at  the  electrical  terminals.  However,  since  the  radiation 

impedance  is  proportional  to  the  average  pressure  on  the  element,  one 

can  sometimes  use  the  maximum  radiation  impedance  as  a measure  of  the 

maximum  pressure  in  the  near  field.  The  third  acoustic  field  quantity 

listed  above  puts  an  upper  limit  on  the  power  which  the  acoustic 

system  can  radiate  because  the  maximum  pressure  in  the  acoustic  field 

should  not  exceed  the  local  pressure  in  the  absence  of  the  acoustic 

signal,  otherwise  cavitation  will  set  in,  and  the  signal  will  deteriorate. 

2 3 

We  have  investigated  the  near  field  pressure  for  large  arrays  * and 
4 5 

Infinite  arrays  ’ and  have  found  that  the  maximum  is  frequently 
situated  on  the  pistons  in  the  array;  in  that  case  since 

Pav  * • "r'' 

where  p^^  is  the  average  pressure  on  the  piston,  A is  the  piston 


V.  Mangulis,  S.  Gardner,  A.  Novlck,  W.  Graham,  A Study  of  Conformal 
Arrays  for  Long  Range  Sonars , Phase  II . TRG , Inc.,  Report  No. 
TRG-142-TR-2(1963) , vol.  II,  AD  336256,  Appendix  IV  (Confidential). 

V.  Mangulis,  Near-field  Pressure  for  a Steered  Array  of  Strips. 

J.  Acoust.  Soc.  Am.  38,  78  (1963). 

•S/S0 

V.  Mangulis,  Near-Field  Pressure  for  an  Infinite  Array  of  Strips. 
IEEE  Trans.  Sonics  & Ultrasonics  SU-13,  49  (1966). 

V.  Mangulis,  Near  Field  Pressure  for  an  Infinite  Phased  Array  of 
Circular  Pistons.  TRG,  Inc.,  report  No.  TRG-023-TN-66-18  (1966); 
to  be  published  in  J.  Acoust.  Soc.  Am.,  February  1967  issue. 
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area,  is  the  radiation  impedance,  and  v is  the  piston  velocity, 

one  can  find  jp^^j  £or  each  piston  from  the  radiation  Impedance  and 
use  maximum  | p^^  | as  an  approximation  to  the  maximum  pressure  in  the 
near  field;  if  |v)  and  A are  the  same  for  all  pistons  in  the  array, 

I Pav  I will  be  maximum  when  | | is  maximum. 

Thus  in  a practical  design  study  one  can  tolerate  large  inaccuracies 
in  the  calculation  of  radiation  impedance,  if  one  uses  "Carson's  cure" 
in  the  transducer  design,  and  if  one  calculates  the  actual  peak  pressure. 
Alternately,  one  can  neglect  the  calculation  of  the  near  field  peak 
pressure,  if  one  is  willing  to  use  the  average  pressure  Instead. 

To  calculate  the  acoustic  field  quantities  one  usually  assumes  a 
mathematically  tractable  model  for  the  sonar  array,  for  example,  an 
array  situated  on  an  infinite  rigid  planar  baffle  or  on  an  infinite 
rigid  baffle  in  the  shape  of  a circular  cylinder.  Of  course,  no  practical 
baffle  is  infinite,  and  most  baffles  are  not  rigid.  The  C/P  array  may 
be  situated  underneath  the  ship,  and  the  array  housing  and  the  ship's 
hull  will  form  a corner  which  reflects  sound  and  therefore  the  corner 
has  to  be  taken  into  account  in  the  calculations. 

The  most  important  effects  are  discussed  below.  Diffraction 
effects  due  to  the  curvature  and  the  finite  extent  of  the  baffle  are- 
described  in  subsection  II .A.  Transient  effects  due  to  the  switch-on 
and  switch-off  of  the  array,  and  due  to  the  multi-frequency  operation 
of  the  array,  are  described  in  subsection  II. B.  Effects  associated 
with  the  flexibility  of  the  baffle  are  discussed  in  section  III. 
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1£  diffraction  and  nonrigidity  of  the  baffle  can  be  neglected 

(as  shown  below) , then  one  can  use  the  existing  radiation  theory  and 

computer  programs  to  compute  the  far  field  patterns,  the  radiation 

impedances,  and  the  near  field  pressure  as  if  the  array  were  situated 

on  an  infinite  rigid  plane  baffle.^  An  approximate  expression  for 

the  peak  near  field  pressure  is  also  available.^ 

A,  Diffraction  Effects 

1.  Reflection  at  the  hull  of  the  ship 

An  extensive  study  of  the  effects  of  a rigid  infinite  corner  on 

the  far  field  pattern,  radiation  impedance,  and  near  field  pressure 

7 8 9 

of  a piston  has  been  performed.  ’ * The  corner  simulates  the  inter- 
section of  the  sonar  housing  with  the  hull  of  the  ship.  A summary  of 
the  conclusions  is  presented  below. 


V.  Mangulis,  Baffle  Reflections.  Diffraction,  and  Nonrigidity  in 
the  CONTACT  Sonar  System.  TRG,  Inc.,  report  No.  TRG-Oll-Memo-64-1 
(Confidential) ; (1964) . 

V.  Mangulis,  Pistons  on  Corners.  TRG,  Inc.,  report  No.  TRG-142-TN-63-J 
(August  1963),  also  published  in  J.  Franklin  Institute,  Vol.  279, 
pp.  124-135  and  pp.  200-208  (1965). 

A.  Kane,  T.  DeFllippis,  V,  Mangulis,  Effect  of  Reflections  from  the 
Ship's  Hull  on  the  CONTACT  Sonar  Array  (U) . TRG,  Inc.,  report  No. 

TRG -023 -Memo-65-2  (1965);  (Confidential). 

V,  Mangulis,  On  the  Radiation  Impedance  of  a Piston  on  a Corner, 

TRG,  Inc.,  report  No.  TRG-023-TN-65-2  (1965). 
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Let  us  assume  that  the  piston  is  in  an  infinite  rigid  vertical 
half  plane;  the  other  half  plane  forming  the  corner  can  vary  from 
an  almost  horizontal  to  a vertical  corner  angle  ^ (see  Fig.  1). 

Then  if  the  piston  is  at  least  a wavelength  away  from  the  edge  of 
the  corner , the  pressure  field  can  be  approximated  by  the  superposition 
of  two  pressure  fields  from  pistons  on  rigid  infinite  planar  baffles 
without  corners,  placed  at  an  angle  with  respect  to  each  other;  the 
two  fields  are  due  to  the  original  piston  and  its  image  (in  phase 
with  the  actual  piston)  as  shown  in  Fig.  1,  each  radiating  in  a half 
space.  In  general  there  is  a region  in  space  in  which  only  the  pres- 
sure field  from  the  actual  piston  exists,  and  there  is  another  region 
in  which  the  fields  from  the  actual  piston  and  the  image  piston  are 
superimposed;  the  boundary  between  the  two  regions  is  at  the  angle 
2ii  - rr  f and  the  approximation  does  not  hold  very  well  at  this  boundary 
or  at  the  edge  of  the  corner . 

Let  us  now  consider  the  far  field  radiation  patterns  for  a C/P 
array.  The  array  will  be  placed  at  a 20°  tilt  angle  with  respect  to 
the  vertical,  see  Fig.  2.  Let  us  disregard  the  diffraction  effects 
due  to  the  finite  size  or  curvature  of  the  sonar  keel  and  the  ship, 
then  we  can  approximate  the  situation  by  an  array  on  an  infinite  corner 
(assuming  the  actual  array,  if  it  is  curved,  is  phased  properly  to  a 
plane,  etc.),  as  shown  in  Fig.  2.  Let  the  mean  plane  through  the 
ship's  hull  in  the  vicinity  of  the  sonar  keel  make  an  angle  a with 
the  horizontal,  then  the  corner  angle  i/  = 90°  + 20°  + o.  Let  the 
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FIGURE  n.  A.- 2 ARRAY  ON  THE  SHIP 
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far  field  radiation  pattern  be  steered  down  by  an  angle  ^ with  respect 
to  the  normal  of  the  array,  then  the  angle  between  the  directions  of 
the  main  beams  for  the  actual  and  image  arrays  is  2^  + 23  > 180° 

= 2(a  + 3 + 20°).  The  total  pattern  is  the  superposition  of  the  two 
patterns.  Thus  interference  between  the  actual  and  image  arrays  will 
be  most  troublesome  when  both  main  beams  are  pointing  in  the  same  direc- 
tion. Such  a situation  could  develop  if  ^ “ 90°  and  3 * 0°;  however, 
in  such  a case  the  point  of  reflection  Q in  Figure  1 will  be  halfway 
between  the  array  and  the  far  field  observation  point  0;  i.e.,  if  the 
target  is  in  the  horizontal  plane  at  2 kiloyards,  the  ship's  hull  would 
have  to  extend  to  1 kiloyard  to  produce  the  image  main  beam. 

When  3=0  and  90°  ^ ^ 135°  the  distance  s between  the  edge 

of  the  corner  and  the  point  of  reflection  Q is  given  by 

s = d cos  If/cos  lb 

where  d is  the  distance  between  the  edge  of  the  corner  and  the  source. 

Thus  when  the  ship's  hull  is  nearly  horizontal  it  is  not  wide 
enough  to  produce  reflections,  while  if  the  hull  is  at  some  angle  above 
horizontal  the  image  array  points  in  a different  direction  and  inter- 
ference is  produced  by  sldelobes  only.  In  either  case  the  effect  of 
the  image  array  can  be  neglected,  and  the  far  field  patterns  can  be 
calculated  as  if  the  array  were  located  on  an  infinite  planar  baffle. 

The  above  arguments  are  supported  by  experimental  patterns  measured 
at  U.S.  Navy  Underwater  Sound  Laboratory  in  1964.  Figures  3 and  4 show 
patterns  in  the  vertical  plane  for  an  array  consisting  of  6 rows  of 
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FIGURE  H.A.-4  FAR  FIELD  PATTERN, 6U  = 20“  OVERHEAD  BAFFLE  HORIZONTAL 
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12  elements  each;  a movable  overhead  baffle  was  hinged  to  the  sonar 
keel  to  simulate  the  ship's  hull.  The  overhead  baffle  was  horizontal, 
the  array  was  steered  to  10°  and  20°  down  from  the  horizontal  plane 
in  a vertical  plane  normal  to  the  array.  The  radiation  theory  including 
the  effect  of  an  infinite  corner  predicts  interference  ripples  in  the 
shape  of  the  main  beam  (solid  curves  in  Figures  3 and  4) , but  such 
ripples  were  not  observed  experimentally  because  the  simulated  ship's 
hull  was  too  short  to  produce  the  interference. 

According  to  the  above  approximation  for  rl/  > 90°  the  image  field 
does  not  exist  on  the  face  of  the  actual  piston  (see  Fig.  1) , therefore 
for  ^ > 90°  the  near  field  peak  pressure  and  the  radiation  impedance 
should  be  approximately  the  same  as  for  the  same  piston  in  an  infinite 
planar  baffle.  This  is  confirmed  by  some  exact  calculations:^  for 
il/  - 135°  the  radiation  self-resistance  of  a square  piston  of  sides  .22 
wavelengths  long,  a wavelength  from  the  edge  of  the  corner,  is  0.04% 
lower  than  for  the  same  piston  in  an  infinite  planar  baffle,  while  the 
mutual  radiation  resistance  coefficient  for  two  square  pistons  of  the 
same  size,  about  a wavelength  apart,  differs  by  5.3%  in  magnitude  from 
the  coefficient  for  pistons  in  a planar  baffle.  Such  exact  calculations 
are  not  available  for  the  radiation  reactances,  but  since  the  radiation 
resistances  are  unaffected  by  the  presence  of  the  corner,  and  the  radia- 
tion reactances  are  related  to  the  resistances  by  the  Kramers -Kronig 
or  dispersion  relations  (or  vice  versa) , one  can  show  that  the  reactances 
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As  explained  above,  the  mean  plane  through  the  array  is  tilted 
with  respect  to  the  vertical  plane,  and  the  ship's  hull  is  at  least 
a few  degrees  above  horizontal,  therefore  for  the  corner  formed 
by  the  sonar  keel  and  the  ship's  hull  always  exceeds  90°.  A physical 
explanation  why  the  effect  of  the  image  array  on  the  actual  array  Is 
negligible  is  as  follows: 

1)  Since  i/  exceeds  90°,  the  actual  and  the  image  arrays  are 
on  two  different  planes  with  an  edge  between  them  (for  ii  - 90°  those 
planes  would  coincide  to  form  a single  infinite  plane) ; this  edge 
shields  the  radiation  coming  from  the  image  array  so  that  the  radiation 
is  confined  approximately  to  the  shaded  interference  region  in  Figure  1, 
and  thus  does  not  reach  the  actual  array; 

2)  Since  the  ship's  hull  is  at  least  a few  degrees  above  hori- 
zontal, the  main  beams  from  the  actual  and  the  image  arrays  are  always 
pointing  in  different  directions,  and  even  in  the  near  field  the  energy 
flow  is  primarily  concentrated  in  the  direction  in  which  the  array  is 
steered;^®  thus  very  little  energy  from  the  image  array  would  flow  in 
the  direction  of  the  actual  array. 

See  collection  of  papers  on  the  near  field  in  the  July  1964  issue 
of  U.S.  Navy  J.  Underwater  Acoustics  (Confidential). 
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As  an  overestimate  of  what  the  image  array  would  do  to  the  radia- 
tion impedances  of  the  array  we  can  eliminate  1)  above  by  making 


■ 90  , then  the  actual  and  image  arrays  are  located  on  the  same  infinite 


plane  with  no  edge  in  between.  Tables  II.A.I-III  show  the  maximum,  minimum, 

A 2 


and  average  radiation  Impedances  Z^/pcrb  - -f  iXj^>  where  b 

is  the  piston  radius,  p the  density  of  water,  c the  sound  velocity, 
for  an  array  of  9 rows  and  228  columns  operating  at  3000  cps,  spacing 
between  rows  0.197  meters,  spacing  between  columns  0.181  meters,  piston 


radius  0.0635  meters,  for  several  steering  angles  0^  and  see 


Figure  3.  The  numbers  in  parentheses  after  the  impedance  values  denote 
row  and  column  numbers.  The  edge  of  the  corner  is  0.406  meters  above 
first  row. 


The  numbers  presented  in  Table  I for  0^  - 0 are  really  an  over- 


estimate of  an  overestimate  since  then  both  1)  and  2)  above  are  eliminated, 
i.e.,  we  have  eliminated  both  the  shielding  effect  of  the  edge  and  also 
have  permitted  the  actual  array  and  the  image  array  to  radiate  in  the 
same  direction.  Table  I has  been  included  for  completeness  to  show  that 
even  in  such  a case  the  radiation  impedances  do  not  become  outlandish; 
but  the  impedances  which  one  will  encounter  in  the  actual  system  are 
given  in  Tables  II  and  III.  Thus  the  overestimate  shows  that  the  effect 
of  the  corner  on  the  radiation  impedances  will  be  rather  small,  as  already 
concluded  in  Reference  6. 
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Tabu  II,  A-III 


GEOMETRY  OF  THE  ARRAY 


Tables  I *>  III  also  show  the  cavitation  limited  power  output, 


where  the  cavitation  limit  was  determined  by  setting  the  largest  average 
pressure  on  a piston  equal  to  1.5  atmospheres.  The  power  output  is 
also  unaffected  by  the  presence  of  the  corner. 

To  summarize:  for  the  corner  angles  which  will  be  encountered 

by  a C/P  array  the  effects  of  reflections  at  the  ship's  hull  on 
radiation  impedance,  maximum  near  field  pressure,  and  far  field  radia- 
tion patterns  will  be  negligible. 

2.  Curvature  of  the  baffle 

We  have  studied  the  acoustic  effects  of  curved  baffles  because 
such  baffles  may  be  used  for  structural  reasons. 

Consider  the  acoustic  radiation  from  a piston  on  an  infinite  rigid 
circular  cylinder.  If  the  radius  of  the  cylinder  exceeds  a few  wave- 
lengths, then  (see  Fig.  6)  in  front  of  the  piston  the  field  is  roughly 


the  same  as  for  the  same  piston  on  an  infinite  planar  baffle;  in  back 
of  the  cylinder  the  field  can  be  considered  to  be  equal  to  zero;  those 
two  regions  are  divided  by  the  "penumbra  region"  in  which  a gradual 
transition  in  field  strength  takes  place,  and  the  width  of  this  transi- 
tional region  is  0 ^ (ka)  , see  Fig.  6,  where  k = 27t/X  , is  the 


wavelength,  and  a the  radius  of  the  cylinder. 


11,12,13 


If  the  radius 


V.A.  Fock,  The  Surface  Current  Distribution  Induced  by  an  Incident 
Plane  Wave,  Zh.  Eksper.  Theor.  Fiziki  15,  693  (1945). 

V.A.  Fock,  New  Methods  in  Diffraction  Theory.  Phil.  Mag.  39,  149(1948) 

^ M.L.  Levin,  On  the  Effect  of  Surface  Curvature  of  a Convex  Metallic 
Body  on  the  Radiation  of  a Source  on  this  Surface,  Zh.  Tekh.  Fiz.  25, 
25«  (1955). 
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REGION  IN  WHICH  THE  SOUND 
FIELD  IS  APPROXIMATELY 
THE  SAME  AS  FOR  THE 
SAME  PISTON  IN  AN  INFINITE 
PLANAR  BAFFLE. 


PENUMBRA 

REGION 


PENUMBRA 

REGION 


LOSS  OF  Gdb  OR  LESS 


LOSS  OF  Gdb  OR  LESS 


PISTON 


SHADOW  REGION 
(SOUND  FIELD  NEGLIGIBLE) 


FIGURE  n A.-6  DIFFRACTION  BY  A LARGE  CIRCULAR  CYLINDER 
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of  curvature  of  the  baffle  in  the  vicinity  of  the  array  is  a 8^ , 
then  6;:;:^  15.3°.  Only  the  local  curvature  matters;  in  a sonar  keel 
the  curvature  changes  at  the  bottom  of  the  keel,  but  that  part  of  the 
keel  is  a few  wavelengths  away  from  the  array,  and  therefore  will  not 
affect  the  radiation  pattern. 

For  an  array  on  a sonar  keel  the  penumbra  region  occupies  directions 
in  which  we  do  not  transmit  or  receive,  and  thus  is  irrevelant  (see 
Figure  7).  Thus  we  can  expect  that  the  radiation  patterns  of  arrays 
on  a sonar  keel  will  closely  resemble  the  patterns  of  arrays  on  an 
infinite  rigid  plane  baffle,  and  the  available  computations  confirm 
this  conclusion. Consider  an  array  on  an  infinite  cylinder, 
see  Fig.  8.  This  array  is  driven  with  velocities  of  equal  magnitude, 
and  the  phases  are  such  that  all  pressures  add  in  phase  in  the  steering 
direction.  Because  of  the  effects  of  diffraction  on  the  phases  of  the 
pressures  of  each  piston,  the  required  phase  distribution  is  not  exactly 
phased  to  a plane. For  a given  steering  angle,  however,  the  difference 


D.T.  Laird  and  H.  Cohen,  Directionality  Patterns  for  Acoustic  Radiation 
from  a Source  on  a Rigid  Cylinder.  J.  Acoust.  Soc.  Am.  24,  46  (1952). 


V.  Mangulis,  A.  Kane,  E.  Paige,  Comparison  of  the  Far-Field  Patterns 
of  an  Array  on  a Cylinder  with  an  Array  on  a Plane.  TRG,  Inc.,  report 
No.  023-TM-65-4  (1%5). 

J.  Gobins,  Supplement  to  Report  No.  Q23-TM-65-4.  TRG,  Inc.,  report 
No.  023-TM-66-31  (1966). 
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6^  AND  ARE  THE  DIRECTIONS  TO  WHICH  THE 
BEAM  IS  STEERED  IN  THE  8 AND  ^ PLANE. 

So.  ANGLES 


FIGURE  H.A.-8.  ANGLES  AND  DIMENSIONS  FOR  THE  ARRAY  ON  A CYLINDER 
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between  phases  based  on  geometric  path  alone,  and  those  necessary  to 
make  all  pressures  add  in  phase  in  the  steering  direction  is  nearly 


constant;  deviations  are  o£  the  order  o£  one  degree  £or  the  whole  array. 

16 


15 


For  the  parameters  listed  in  Table  IV  we  obtain  the  £ar  £leld  radia- 
tion patterns  vs.  0 and  vs.  9 shown  in  Figs.  9 and  10.  The 
parameter  T represents  the  depression  angle  of  the  normal  to  the  array 
on  the  cylinder,  and  is  the  tilt  angle  of  the  array  on  the  infinite  plane. 
The  main  beam  is  steered  to  end-fire  in  the  azimuthal  direction,  but  at  a 
depression  angle  of  26.6°.  The  patterns  for  the  arrays  on  a plane  and 
on  a cylinder  differ  by  1 db  or  less. 

Let  us  now  consider  the  near  field  and  radiation  impedances.  vJe 
can  infer  that  there  should  not  be  a significant  change  in  radiation 
Impedances  because  of  diffraction  due  to  curvature  of  baffles  because 
we  have  shown  that  if  baffles  are  roughly  planar  within  a few  wavelengths 
of  the  piston  (i.e.,  the  curvature  is  sufficiently  large  so  that  it  appears 
to  be  approximately  planar  within  this  region)  then  the  piston  radiates 
a field  which  is  almost  the  same  as  with  an  infinite  planar  baffle, 
except  for  some  diffusion  of  the  field  into  the  shadow  regions.  Since 
the  energy  which  diffuses  into  a shadow  region  comes  mainly  from  the 
adjacent  Insonified  region,  and  since  the  shadow  regions  are  at  least 
a few  wavelengths  from  the  piston,  the  field  at  the  piston  remains 


relatively  undisturbed.  This  argument  is  confirmed  by  Greenspon's  and 


17 


Sherman's  calculations  for  pistons  on  cylinders  and  spheres, 


TT 


.UE.  Greenspon  and  C.H.  Sherman,  Mutual -Radiation  Impedances  and  :!ear- 

yjeld  Pressure  for  PUtons  on  a Cylinder.  J.  Acoust.  Soc.  Am.  36, 

149  (1964). 
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TABLE  II.  A-IV 


02338  radians 


FIGURE  H.A.-9  FAR  FIELD  PATTERN  VS.  «#>  FOR  AN  ARRAY  ON  AN  INFINITE 
PLANE  AND  CYLINDER,  WHEN  0 = 6L  = 26.6“  AND  = 0“ 


FIGURE  H.A.-IO  FAR  FIELD  PATTERN  VS.  d FOR  AN  ARRAY  ON  AN  INFINITE  PLANE  AND 
CYLINDER,  WHEN  ^ = 0*  AND  9^  = 26.6* 
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3.  Finite  extent  of  the  baffle 

When  we  considered  the  effects  of  curvature  in  the  previous 
subsection,  the  cylinder  was  assumed  to  be  Infinite.  However,  the 
actual  proposed  sonar  keel  is  finite,  and  therefore  one  should  also 
investigate  what  effect  the  sudden  termination  of  the  baffle  will 
have  on  the  radiation  from  the  array.  Since  we  showed  in  the  previous 
subsection  that  the  curvature  effects  are  negligible,  we  might  as 
well  consider  a plane  baffle  (instead  of  a curved  baffle)  which 
suddenly  terminates. 

Diffraction  can  affect  the  array  far  field  pattern  in  two  ways: 

1)  the  magnitude  of  the  pressure  produced  by  an  individual  element 
can  be  changed;  2)  the  phase  of  the  pressure  from  each  element  in 
the  array  can  be  changed,  and  therefore  the  total  array  output  might 
not  add  up  to  the  intended  sum  for  a phased  array. 

If  the  baffle  is  at  least  a few  wavelengths  wide  and  the  source 

of  sound  is  at  least  a wavelength  away  from  the  edge  of  the  baffle, 

a typical  far  field  pattern  of  a single  source  shows  small  oscillations 

(about  + 1 db  around  the  value  which  one  would  have  if  the  baftle  were 

infinite)  from  broadside  to  about  20°  or  30°  away  from  a grazing 

angle;  at  a grazing  angle  the  far  field  is  reduced  by  6 db , and  at 

some  angle  (typically  near  10°)  from  grazing  the  pattern  shows  an 

increase  of  about  2 db  (see,  for  example,  Fig.  2 in  Ref.  16).  Thus 

diffraction  effects  due  to  the  finite  extent  of  the  baffle  can  be 
_ — 

V,  Mangulis,  The  Far  Field  Pattern  of  a Line  Source  on  a Strip  or 
Half -Plane . TRG,  Inc.,  report  No.  023-TM-65-24  (1965). 
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expected  to  be  important  only  near  grazing  angles,  unless  the  phase 
errors  introduced  by  diffraction  are  significant  also  for  other  angles 
when  one  sums  the  pressures  due  to  the  individual  sources  to  obtain 
the  total  array  pattern. 

Let  us  now  consider  a typical  baffle  which  terminates,  see  Fig.  11. 

For  simplicity  we  assume  that  the  baffle  is  infinite  in  the  +x-dlrec- 

tion,  and  also  in  the  +z-directions . We  will  now  replace  the  actual 

baffle  by  an  idealized  rigid  Infinite  corner  baffle  of  corner  angle 

i/  > 180^  as  shown  in  Fig.  11.  Of  course,  one  can  Inunediately  object 

to  this  idealization  on  the  grounds  that  the  choice  of  ii/  is  not 

unique,  and  therefore  in  principle  the  far  field  calculated  on  the 

basis  of  this  idealization  is  not  unique.  However,  we  have  shown 

that  the  far  field  for  all  practical  purposes  is  unaffected  by  the 

choice  of  ^ as  long  as  i/  > 180°  if  the  array  is  at  least  a wave- 

19 

length  away  from  the  edge  of  the  corner.  One  could  also  object  to 
the  idealization  because  we  have  replaced  a baffle  which  is  finite 
in  the  part  of  the  space  for  which  x is  negative  by  another  baffle 
which  for  180°  < i/  < 270°  is  infinite  in  that  part  of  the  space;  how- 
ever, we  have  shown  that  the  far  field  is  practically  the  same  for, 
say,  i>  • 210°  and  for  i>  > 360°;  in  the  latter  case  the  idealized 

baffle  becomes  Just  a half  plane,  and  the  idealized  baffle  is  also 

19 

finite  in  the  space  in  which  x is  negative. 

I9 


V.  Mangulis,  Array  on  a Corner.  TRG,  Inc.,  report  No.  02J-TN-66-1 
(1966) . 
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The  array  on  the  idealized  corner  baffle  is  shown  in  Fig.  12. 

The  far  field  patterns  of  an  array  consisting  of  10  rows  and  200  columns 
are  shown  in  Fig.  13  for  the  main  beam  steered  to  from  end  fire  and 
in  Fig.  14  for  the  main  beam  steered  directly  to  end  fire.  The  patterns 
show  the  expected  6 db  loss  at  a grazing  angle  (p  - 180°)  as  compared 
to  the  patterns  for  arrays  on  an  infinite  plane  - 180°) . 

Figs.  13  and  14  and  additional  calculations  presented  in  Reference 
19  show  that: 

1)  diffraction  effects  become  Important  only  when  the  array 
is  steered  to  a direction  which  is  at  a small  angle  with  respect  to 
the  direction  in  which  the  baffle  is  finite; 

2)  phase  differences  between  array  elements  introduced  by 
diffraction  are  negligible  if  the  array  is  at  least  a few  wavelengths 
away  from  the  edge  of  the  baffle; 

3)  the  far  field  pattern  for  0°  ^ ^ 180°  is  practically 

unaffected  by  the  shape  of  the  baffle  termination,  i.e.,  by  the  corner 
angle  i ; 

4)  for  array  steering  angles  near  grazing  (i.e.,  near  the 
direction  in  which  the  baffle  is  finite)  the  diffraction  effects 
Increase  the  sidelobe  levels  and  may  displace  the  maximum  of  the 


pattern 


FIGURE  H.A.-I3.  FAR  FIELD  PATTERN  VS  «#»  FOR  ALONG  ARRAY  STEERED  TO  </»q  = 175 


FIGURE  n.  A.-K  FAR  HELD  PATTERN  VS.  <f>  FOR  A LONG  ARRAY  STEERED  TO  ^q'180* 


Let  us  now  consider  the  near  field  and  radiation  impedances. 

As  in  the  previous  subsection  on  the  effects  of  curvature,  we  can 

infer  that  there  should  not  be  a significant  change  in  radiation 

impedances  because  of  diffraction  due  to  the  finite  extent  of  baffles 

because  we  have  shown  that  if  the  baffle  does  not  terminate  within 

a few  wavelengths,  then  the  piston  radiates  a field  which  is  almost 

the  same  as  with  an  Infinite  planar  baffle,  except  for  some  diffusion 

of  the  field  into  the  shadow  regions.  Since  the  energy  which  diffuses 

into  a shadow  region  comes  mainly  from  the  adjacent  insonifled  region, 

and  since  the  shadow  regions  are  at  least  a few  wavelengths  away  from 

the  piston,  the  field  at  the  piston  remains  relatively  undisturbed. 

This  argument  is  confirmed  by  our  calculations  for  pistons  on  corners/ 

20 

and  by  Crane's  computations  for  pistons  at  the  center  of  a finite 
disk. 

4.  Summary 

We  have  investigated  the  various  effects  of  diffraction  on  the 
near  field  pressure,  radiation  Impedances,  and  the  far  field  pressure, 
and  we  have  found  that  the  effects  are  small,  except  for  a 6 db  loss  j 

in  the  far  field  pressure  in  the  horizontal  plane  in  a direction  j 

parallel  to  the  baffle.  This  6 db  loss  becomes  important  only  if  the 
main  beam  is  steered  to  the  same  direction  (end  fire  at  zero  depression  | 

■ t 

P.H.G.  Crane,  The  Acoustic  Impedance  of  a Riaid  Circular  Piston 

, Admiralty  Res. 

419542. 


without  a Baffle  or  with  a Finite  Concentric  Baffle 
Lab.  (Britain),  Report  No,  A.R.L./l/n94  (196i)  , AD 
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angle).  Thus  one  can  use  the  much  simpler  expressions  for  the  array 

on  an  infinite  rigid  plane  baffle  to  calculate  the  near  and  far  field 

pressures  and  the  radiation  impedances  for  the  actual  array  on  the 

sonar  keel;  and  the  only  time  a more  complicated  expression  is  needed 

is  when  one  calculates  the  far  field  pattern  for  the  main  beam  phased 

to  end  fire  in  the  horizontal  plane;  this  more  complicated  expression 

19 

is  available  and  has  been  programmed  for  a computer;  and,  of  course, 
also  the  simpler  expressions  for  the  array  on  an  infinite  plane  are 
available  and  have  been  programmed  for  a computer.  Consequently,  we 
can  evaluate  the  acoustic  radiation  from  the  conformal/planar  sonar 
array  for  any  desired  configuration. 

B.  Transient  Effects 

The  transducer  elements  in  the  CONTACT  sonar  system  will  be 
driven  in  such  a way  as  to  sweep  the  main  beam  from  end  fire  in  one 
direction  to  end  fire  in  the  opposite  direction  in  a given  time 
interval.  One  way  to  achieve  this  autonutic  sweep  is  to  drive  the 
array  elements  with  relative  phases  which  change  with  time.  For  a 
linear  array  the  time  dependence  of  such  phases  turns  out  to  be  very 
simple:  the  phases  have  to  be  equal  to  a constant  times  t,  where 

t is  the  time;  when  this  constant  times  t is  added  to  o>t,  where 
o)  is  the  common  radian  frequency  at  which  the  array  is  driven,  the 
resulting  time  dependence  (cu  + constant) t is  the  same  as  if  the  ele- 
ment were  driven  at  a new  radian  frequency  oi  + constant.  Since  the 
constant  is  different  for  different  elements,  in  effect  each  element 
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has  to  be  driven  at  a slightly  different  frequency  to  achieve  the 
sweep  from  end  fire  to  end  fire,  hence  the  name  "multi-frequency  array" 
was  adopted  for  such  an  array. 

When  the  array  is  rectangular , and  when  the  main  beam  is  made  to 
sweep  from  end  fire  to  end  fire  in  a plane  which  is  not  normal  to  the 
array,  the  time  dependence  of  the  phases  become  more  complicated,  and 
the  array  elements  have  to  be  driven  in  a more  complicated  fashion 
than  just  with  slightly  different,  but  constant,  frequencies;  however, 
we  have  retained  the  name  "multi-frequency  array"  to  describe  the 
system. 

Let  us  consider  the  far  field  radiation  patterns  of  a rectangular 
array  of  M rows  and  N columns.  The  array  is  assumed  to  be  in  a 
plane  tilted  with  respect  to  the  horizontal  and  vertical  planes,  but 
the  main  beam  sweeps  from  end  fire  to  end  fire  in  a plane  at  a constant 

depression  angle  0=0^  from  the  horizontal  plane. 

21 

The  far  field  patterns  have  been  calculated  as  a function  of 
time,  and  the  "multi -frequency  array"  patterns  at  some  fixed  time  have 
been  compared  to  array  patterns  phased  to  the  same  far  field  direction 
in  the  fixed-frequency,  steady  state  case  (i.e.,  when  the  relative 
phases  between  elements  do  not  change  with  time,  and  all  elements  are 
driven  at  the  same  frequency) , since  these  are  the  patterns  for  which 

21 

V.  Mangulis,  E.  Paige,  Far  Field  Patterns  for  a Multi-Frequency 
Array (U) . TRG,  Inc.,  report  No.  023-TN-65-13  (1965);  (Confidential). 
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single  expressions  are  available  and  which  have  been  extensively 
studied.  Fig.  1 shows  a typical  far  field  pattern  for  the  arrays 
steered  to  end  fire  at  a depression  angle  of  15°,  M > 6,  and  N > 12. 
There  are  only  some  Insignificant  differences  in  the  location  and 
magnitude  of  some  of  the  sidelobes;  the  same  applies  to  all  other 
patterns  calculated  in  Reference  21.  Since  the  familiar  steady  state 
patterns  are  much  easier  to  calculate,  the  computations  show  that  one 
can  safely  use  the  steady  state  pattern  calculations  to  infer  the 
multi -frequency  array  patterns. 

Consider  now  the  mutual  coupling  effects  in  a multi -frequency 
22 

array.  The  magnitude  of  the  force  exerted  by  piston  A on  piston 
B is  not  equal  to  the  magnitude  of  the  force  exerted  by  piston  B 
on  piston  A (the  piston  velocity  magnitudes  being  equal)  if  A 
and  B are  at  different  frequencies;  the  force  magnitudes  would  be 
equal  if  the  frequencies  of  A and  B were  equal.  The  radiation 
impedance  of  a piston  in  a multi-frequency  array  changes  with  time 
because  the  phase  differences  between  the  velocities  of  pistons  change 
with  time.  We  are  also  going  to  include  the  effects  of  switching  an 
array  on  and  switching  it  off,  which  introduces  other  transient  effects, 
because  it  takes  a time  d/c  for  the  pressure  wave  to  propagate  from 
one  piston  to  another,  if  d is  the  distance  between  the  pistons, 
and  c is  the  velocity  of  sound.  Similar  considerations  apply  to 
the  near  field  pressure. 

22 

V.  Mangulis,  Transient  Mutual  Coupling  Effects  in  a Kulti-Frequency 

Array (U) ,TRG , Inc.,  report  NO.023-TN-65-1 (1965) ; (Confidential). 
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The  time-dependent  radiation  impedances  have  been  computed  by 
the  use  of  an  exact  Fourier  series  expansion  and  also  by  the  use  of 
an  approximation  based  on  a simplified  physical  model;  the  agreement 
between  both  computations  has  been  good,  therefore  the  simpler  calcula- 
tions based  on  the  simplified  physical  model  (described  below)  can 

22 

be  used  instead  of  the  more  complicated  Fourier  series  expansion. 

23 

It  can  be  shown  that  the  sound  field  of  a circular  piston  in 
an  infinite  rigid  plane  baffle  is  of  the  form  shown  in  Fig.  2,  i.e., 
the  sound  field  occupies  a region  in  space  which  is  obtained  by  draw- 
ing spheres  of  radius  R *c(t  - T+  t ) from  each  point  on  the  n^ 

n 

piston,  if  the  piston  is  switched  on  at  t = T - t^.  Since  the  signal 

from  any  part  of  the  piston  travels  with  a velocity  c,  the  field 

contains  a transient  envelope  (shown  shaded  in  Fig.  2)  in  which  the 

acoustic  signals  from  some  parts  of  the  piston  have  not  yet  arrived; 

outside  this  transient  region  there  is  no  field  due  to  the  n—  piston, 

and  inside  this  transient  region  a steady  state  has  been  reached. 

Thus  the  time-dependent  self-impedance  of  a circular  piston  is 

transient  for  a time  interval  2b/c , and  thereafter  is  the  same  as 

in  the  steady  state;  the  self -impedance  has  been  evaluated  num.erically 

23 

during  the  time  Interval  2b/c. 

V.  Mangulis,  The  Time-Dependent  Force  on  a Sound  Radiator  Immediately 
Following  Switch-On,  TRG,  Inc.,  report  No.  023-TN-64-2  (1964);  also 
published  in  Acustica,  vol.  17,  p.  223  (1966). 
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Consider  a linear  array  o£  pistons,  spaced  a distance  d apart. 

The  force  exerted  by  one  piston  on  another  (or  the  corresponding  mutual 

coupling  coefficient)  is  also  time  dependent;  the  transient  field 

arrives  at  the  edge  of  the  piston  a tirae  (|m-n|d-2b)/c  after  the 
th 


piston  has  been  turned  on,  the  force  is  transient  for  a time 
interval  4b/c,  and  it  becomes  the  same  as  in  the  steady  state  at 
the  time  (|m-n|d  + 2b)/c.  It  is  obvious  that  the  transient  mutual 
coupling  force  starts  from  zero  at  (| m-n |d-2b)/c ; for  pistons  with 
dimensions  less  than  a wavelength  the  transient  force  will  be  of  the 
same  order  as  in  the  steady  state  or  less  because  the  physical  meaning 
of  the  transient  state  is  simply  that  only  a part  of  one  piston  exerts 
a force  on  a part  of  another  piston  since  the  field  from  the  whole 
piston  has  not  had  time  to  arrive  yet.  Thus  the  mutual  coupling 
coefficient  during  the  transient  state  is  approximately  the  same  as 
for  pistons  with  smaller  areas,  i.e.,  those  areas  which  exert  forces 
on  each  other. 

The  mutual  coupling  force  is  transient  for  a time  interval 
4b/c  which  in  our  application  might  be  of  the  order  of  2 x 10  ^ 
seconds,  a rather  small  quantity.  To  simplify  the  calculations  we  can 
replace  the  actual  situation  described  above  by  the  following  simpli- 
fled  physical  model:  the  force  on  the  piston  due  to  the  n^ 
piston  is  zero  until  the  time  |m-n|d/c  after  the  n^^  piston  has  been 
turned  on,  and  it  is  the  same  as  in  the  steady  state  thereafter.  The 
error  which  we  introduce  in  the  total  radiation  impedance  (taking  all 
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pistons  into  account)  will  be  of  the  order  of  one  mutual  coupling 
coefficient  or  less,  because  for  the  linear  array  at  the  most  roughly 
one  mutual  coupling  force  is  transient  at  any  given  time,  and  the 
magnitude  of  the  transient  force  is  of  the  same  order  as  the  force 
in  the  steady  state  or  less.  The  radiation  impedances  will  be  exact 
after  a time  t - T - + (N-l)d/c  because  then  all  pistons  will 

have  been  turned  on,  and  the  wave  from  the  last  piston  (the  M^)  to 
be  switched  on  will  have  reached  all  the  other  pistons. 

As  mentioned  above,  this  approximation  agrees  well  with  the  Fourier 
series  expansion. 


th 


Let  us  now  compare  the  radiation  impedance  of  the  m — element 

for  the  multi -frequency  array  at  some  fixed  time  denoted  by 
2 S 3 

pcirb  (R  + IX  ) with  that  for  the  steady  state  array  steered  to  the 
m m 

same  angle  denoted  by  pcrb^CP^  + iQ^)|»  P is  the  water  density, 
c the  sound  velocity,  b the  radius  of  the  piston. 

Tables  I -IV  show  the  radiation  Impedances  for  some  selected  elements 
m and  a few  steering  angles  d - 0.171  meters,  b > 0.037  meters, 

frequency  of  the  first  element  4000  cps,  total  number  of  elements  199. 

While  the  transient  radiation  impedances  of  elements  in  a multi- 
frequency  array  (shown  here  and  in  Reference  22)  are  different  from 
those  in  a steady  state  single-frequency  array,  they  are  not  radically 
different,  and  therefore  the  designer  of  transducer  elements  is  not 
faced  with  any  new  problems  when  designing  for  the  multi-frequency 
array.  For  example,  if  eleoient  velocity  control  in  the  array  is 
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Table  II.  B.-I 


4000  cps , ^ ■ 90°  (broadside) 


Radiation  resistances 


0.407 


0.437 

0.437 

0.439 

0.439 

0.439 

0.409 


0.408 


Radiation  reactances 


0.458 

0.464 

0.542 


Cl  c ^ 

Largest  percent  difference  « I / 2 ^ 


Table  II.  B.-II 


Radiation  resistances 


„S 


.392 

0.398 


f,  ® 4000  cps,  0 


0.399 

0.396 

0.435 

0.240 


Largest  percent  difference  » 1.67. 


Radiation  reactances 


0.756 

0.737 

0.745 

0.747 
0.751  * 

0.617 
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achieved  by  making  the  Internal  transducer  impedance  magnitude  large 
as  compared  to  the  radiation  impedance  magnitude,^  a transducer  designed 
for  a steady  state  single -frequency  array  will  also  work  in  the  multi- 
frequency array  because  the  radiation  Impedance  magnitudes  in  the  two 
arrays  are  comparable. 

24 

Recently  Sherman  and  Moran  have  also  considered  the  transient 
near  field  of  an  array;  they  conclude  that  cavitation  is  not  likely 
to  be  initiated  by  transient  effects. 

In  summary:  while  transient  effects  can  be  noticed  in  the  far 

field  patterns  and  in  radiation  impedances,  they  are  of  minor  impor- 
tance. The  effects  can  be  easily  evaluated  by  the  use  of  the  existing 
21  22  23 

theory  * * for  the  conformal/planar  sonar  array  for  any  desired 

configuration,  if  considered  to  be  necessary,  but  the  calculations 
already  performed  Indicate  that  transient  effects  have  little  practical 
significance. 


C.H.  Sherman  and  D.A.  Moran,  Transient  Sound  Field  of  Simple  Arrays 
of  Circular  Pistons.  Parke  Mathematical  Laboratories,  Inc.,  report 
No.  0l72-Sk-l  (1966);  AD  644539. 
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III . BAFFLE  DESIGN 


In  1961  TRG  showed  that  the  observed  inability  to  steer  a 
planar  sonar  array  to  end  fire  is  caused  by  the  loss  in  pressure  at 
the  hull  o£  the  ship  at  grazing  angles  due  to  the  finite  rigidity 


of  steel  plates  of  practical  thickness.  This  theoretical  deduction 


2 1 

was  later  supported  by  experimental  measurements.  TRG  suggested 


that  the  use  of  mechanical  resonators  (also  called  stiffeners) 
fastened  to  the  inner  surface  of  the  hull  could  Increase  the  impedance 
of  the  hull  to  a satisfactory  level  over  a bandwidth  sufficient  for 
practical  purposes.  The  effectiveness  of  resonators  was  later  veri- 
fied experimentally.^ 

Obviously  the  design  of  the  baffle  is  just  as  important  as  the 
design  of  the  transducer  elements  if  one  expects  to  phase  the  array 


r 


J.  Lurye,  V.  Mangulis , W.  Graham,  A Study  of  Conformal  Arrays  for 
Long  Range  Sonars.  Phase  One.  TRG-142-TR  (1961) ; AD  323262 (Confidential) 


V.  Mangulis,  S.  Gardner,  A.  Novick,  W.  Graham,  A Study  of  Conformal 
Arrays  for  Long  Range  Sonars.  Phase  Two.  TRG-142-IR-2  (1963); 
(Confidential);  Vol.  Ill,  AD  3J6258,  Appendix  XI. 


D.  Yarmush,  3.  Aronson,  Experimental  Study  of  Mechanical  Resonators 
Attached  to  Bars.  TRG-142-TN-64-11  (1964). 


S.  Gardner,  D.  Chase,  Noise  and  Vibration  Measurements  on  USS 
Brownson  (DP  868)  . TRG-142-TN-64-4  (1964!);  (Confidential). 


J.  Lyons,  T.  DeFillppls,  Results  of  the  Dodge  Pond  Test  Program 
on  a 6 X 12  Element  Conformal  Array.  TRG-142-TN-64-5  (1964) ; 
(Confidential);  AD  377882. 
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to  end  fire.  The  only  method  to  rlgldize  a baffle,  which  has  been 
proven  both  theoretically  and  experimentally,  is  the  approach  proposed 
by  TRG,  i.e.,  the  attachment  of  mechanical  resonators  or  stiffeners 
to  the  inner  surface  of  the  sonar  keel. 

We  describe  below  some  of  the  recent  theoretical  and  experimental 
work  in  connection  with  the  design  of  rigid  baffles. 

A.  Theoretical  Results 

Theoretical  studies  of  the  effectiveness  of  resonators  have 
considered  single  resonators,^  resonators  distributed  uniformly  and 
continuously^  behind  an  infinite  elastic  plate,  and  an  infinite  set 

g 

of  resonators  or  parallel  stiffeners  distributed  at  regular  Intervals 
behind  an  infinite  plate  in  contact  with  water;  the  latter  study  will 
be  described  in  detail  here.  The  results  for  this  discrete  distribu- 
tion approach  the  results  for  the  uniform  and  continuous  distribution 
when  the  spacing  between  resonators  approaches  zero.  The  purpose  of 
this  theoretical  study  is  to  find  the  maximum  spacing  between  resonators 
at  which  the  plate  is  still  sufficiently  rigidlzed.  We  will  calculate 
the  pressure  at  the  plate  due  to  an  Incident  plane  wave;  the  plate  will 
be  considered  to  be  sufficiently  rigidlzed  when  this  pressure  at  the 
plate  does  not  differ  appreciably  from  the  pressure  at  an  ideally  rigid 

D.  Yarmush,  Theoretical  Study  Resonant  Stiffening  Devices.  TRG -142 -TN- 
64-10  (1964). 

^ Reference  2,  Appendix  XIII. 

Q 

D.  Yarmush,  V.  Mangulis,  Acoustic  Pressure  at  an  Infinite  Plate  with 
Parallel  Stiffeners.  TRG-023-TM-67-8  (1967). 
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plate.  It  has  been  shown  experimentally  that  a plate  can  be  rigidized 

2 5 

with  practical  spacings  between  resonators;  ' however,  we  may  have 
used  smaller  spacings  and  more  resonators  than  necessary,  which  moti- 
vates this  study.  One  purpose  of  this  work  is  to  provide  a more 
thorough  analytic  foundation  for  the  design  of  resonant  stiffeners. 

Consider  an  elastic  plate  of  thickness  h in  contact  with  water 
occupying  the  half-space  x ^ 0,  see  Figure  1.  Resonators  or  parallel 
stiffeners  are  attached  to  the  plate  at  ns-b  < y < ns,  n - 0,  4l,  +2  .. 
where  b is  the  width  of  the  resonator  attachment  (assumed  to  be  very 
small  as  compared  to  a wavelength  in  water  or  flexural  wavelength  in 
the  plate),  and  s is  the  spacing  between  resonators.  The  resonators 
are  assumed  to  be  infinite  in  the  z-dlrection  (normal  to  the  plane  of 
the  paper  in  Fig.  1). 

The  effects  of  resonators  are  given  by  specifying;  1)  the  force 
which  the  resonator  exerts  on  the  plate  at  the  attachment  point;  this 
force  is  proportional  to  the  plate  displacement;  2)  the  moment  which 
the  resonator  exerts  on  the  plate;  this  moment  Is  proportional  to  the 
slope  of  the  plate  at  the  resonator  attachment  point.  Various  designs 
of  resonators  are  possible;  for  example,  a simple  and  effective  device 
used  frequently  consists  of  a short  stud,  which  acts  as  a spring,  with 
a larger  piece,  which  acts  as  a mass,  at  the  end.  An  Infinite  number 
of  different  resonator  designs  will  give  the  same  force  and  moment  at 
the  attachment  point;  therefore  for  simplicity  in  the  calculations 
presented  below  we  assumed  that  the  resonator  forces  and  moments  are 
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1/10  o£  those  for  a simple  steel  rod  of  circular  cross  section  with 
the  first  axial  and  second  transverse  vibration  resonance  at  2500  cps. 
While  the  dimensions,  which  are  determined  by  the  resonant  frequency, 
of  such  a simple  resonator  then  must  be  very  large  (length  42  cms , radius 
6 cms),  one  should  remember  that  an  infinite  number  of  other  designs 
will  give  the  same  forces  and  moments,  and  a more  efficient  resonator 
(such  as  the  stud  plus  mass  mentioned  above)  will  be  much  smaller  in 
size.^  Note  also  that  we  are  actually  considering  a resonator  only 
1/10  of  the  size  of  the  rod,  since  the  forces  and  moments  are  assumed 
to  be  1/10  of  those  for  the  rod.  Most  calculations  weie  performed  with 
the  1/10  simple  rod  resonator  only  because  the  mathematical  expressions 
for  forces  and  moments  were  easy  to  obtain  and  easy  to  compute. 

Figure  2 shows  the  average  pressure  magnitude  on  the  plate  vs.  the 
spacing  between  resonators.  The  plate  is  1/4  inch  thick,  and  the  fre- 
quency is  2500  cps.  An  approximation  in  which  the  resonators  are  as- 
sumed to  be  distributed  uniformly  and  continuously^  behind  the  infinite 
plate  gives  0 db  for  the  pressure  for  all  spacings  and  angles  in 
Fig.  2.  The  pressure  reduction  for  s ^ 7 cms  is  easily  understood: 
the  wavelength  for  free  flexural  vibrations  is  14  cms  (for  f * 2500  cps, 
h - 1/4  inch),  therefore  stiffeners  placed  at  half-wavelength  intervals 
(s  - 7 cms)  cannot  be  very  effective.  While  we  have  plotted  the  average 
pressure  in  Fig.  2 (and  also  in  the  subsequent  figures)  instead  of  the 
actual  pressure  distribution  on  the  plate,  the  actual  distribution 
rarely  differs  by  more  than  0.01  db  from  the  average  pressure,  unless 
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the  pressure  levels  are  very  low. 
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Figure  3 shows  the  average  pressure  vs.  the  angle  of  incidence 
0 for  resonator  spacings  s > 4,5,  and  6 cms.  Figures  2 and  3 
Indicate  that  a resonator  spacing  of  4 cms  is  acceptable;  the  pres- 
sure is  reduced  by  less  than  2 db  for  ^ ^ 2°. 

Figure  4 shows  the  average  pressure  vs.  the  frequency.  The 
corresponding  resonator  or  stiffener  strength  vs.  the  frequency  is 
shown  in  Table  I,  where  F and  G are  quantities  proportional  to 

g 

the  force  and  moment  exerted  by  the  resonator.  Although  the  stif- 
fener itself  exerts  the  maximum  force  and  moment  on  the  plate  at 
2500  cps,  as  shown  in  Table  I , at  ^ « 5^  Figure  4 shows  that  the 
plate  is  most  rigid  between  2200  cps  and  2400  cps,  and  the  pressure 
is  lower  at  3000  cps  than  at  2000  cps.  Consequently,  an  improvement 
in  the  pressure  level  in  a total  bandwidth  of  1000  cps  could  be 
obtained  by  either  shifting  this  band  to  lower  frequencies  (from 
1800  cps  to  2800  cps)  with  a stiffener  resonance  at  2500  cps  as  in 
Figure  4,  or  by  changing  the  stiffener  resonance  frequency  to  2700  cps 
and  keeping  the  band  from  2000  cps  to  3000  cps . In  either  case  one 
would  not  lose  more  than  2 db  in  pressure  at  the  extreme  frequencies 
of  the  band  with  the  stiffener  spacing  s * 4 cms  and  p ^ 5°. 

Figure  5 shows  the  average  pressure  vs.  the  thickness  of  the  plate 
for  a resonator  spacing  of  4 cms. 

Figure  6 shows  the  average  pressure  vs.  the  resonator  strength, 
where  we  have  fixed  the  relative  values  of  F and  G in  such  a way 
that  G -2  X 10  F.  For  small  values  of  F and  G the  pressure 
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magnitudes  approach  the  values  for  a 1/4  Inch  thick  plate  without 
resonators,  which  are: 

-27.0  db  at  ^ - 5°, 

-12.1  db  at  0 - 30®, 

-6.8  db  at  0 - 90®, 

For  a 1/2  inch  thick  plate  without  resonators  the  presstire  levels 

are: 

-21.1  dh  at  0 • 5®, 

-6.9  db  at  - 30®, 

-2.9  db  at  ^ - 90®, 

Figures  7-10  show  the  same  data  for  a half  inch  thick  plate  as 
in  the  previous  figures  for  a quarter  inch  thick  plate. 

Since  the  wavelength  for  free  flexural  vibrations  for  the  1/2 
inch  thick  plate  is  20  cms , the  pressure  vs.  resonator  spacing  in 
Fig.  7 shows  a loss  at  the  half -wavelength  spacing,  s •>  10  cms. 

Very  small  losses  are  shown  in  Fig.  8 at  grazing  angles , which  should 
be  comparedwlth  Fig.  3 for  the  1/4  inch  thick  plate.  Figures  7 and  8 
Indicate  that  at  f ■>  2500  cps  a resonator  spacing  of  6 cms  for  the 
1/2  inch  thick  plate  is  acceptable. 

However,  if  we  now  compare  Figures  9 and  4,  which  show  pressure 
vs.  frequency  at  a resonator  spacing  of  4 cms,  we  do  not  see  any 

improvement  with  the  thicker  plate.  If  we  compare  Figures  10  and  6, 

which  show  pressure  vs.  the  resonator  strength,  we  see  that  the  thicker 
plate  has  a higher  pressure  level  at  low  resonator  strengths  and  at 
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high  resonator  strengths,  but  that  at  Intermediate  resonator  strengths, 
where  the  transition  from  a flexible  to  a rigid  plate  takes  place,  the 
slope  of  the  pressure  curve  Is  steeper  for  the  thinner  plate,  and  as 
one  Increases  the  resonator  strength,  the  thinner  plate  becomes  rlg- 
Idlzed  sooner  than  the  thicker  plate.  Apparently  the  rlgldlzatlon 
of  the  plate  depends  on  the  ratio  of  the  plate  mass  to  the  resonator 
strength.  This  explains  the  lack  of  Improvement  In  Figure  9 as  com- 
pared to  Figure  4,  because  at  the  extreme  frequencies  of  the  band 
the  resonator  strengths  are  lower  than  In  the  middle  of  the  band, 
see  Table  I,  and  the  thinner  plate  Is  actually  better  rlgldlzed  than 
the  thicker  plate. 

The  above  discussion  applies  to  Infinite  plates , and  one  may 
Inquire  If  the  results  will  be  modified  for  finite  plates.  At  an 
Infinite  plate  with  a uniform  impedance  per  unit  are  Z_  the  pres- 
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sure  p due  to  a plane  wave  Incident  from  the  angle  j2^  Is  given  by 


3ln0 

^ " rTn^n+Tc/^r  * 

o 


(1) 


where  p Is  the  density  of  water  and  c the  velocity  of  sound  in 
water.  Thus  the  pressure  at  the  Infinite  plate  becomes  zero  for 
^ ■ 0°  (end  fire)  for  any  finite  Impedance  Zg.  The  situation  is 


V.  Mangulis,  Radiation  of  Sound  from  a Circular  Rigid  Piston  In  a 
Nonrlgld  Baffle.  International  J.  Engineering  Science,  Vol.  2, 
p.  115  (1964). 


much  better  i£  the  nonrigid  surface  with  a finite  Impedance  occupies 
only  a strip  in  a rigid  plane  so  that  only  a finite  length  of  a non- 
rigid  baffle  has  to  be  traversed  before  the  wave  reaches  the  observa- 
tion point;  for  a strip  ten  wavelengths  wide  and  Z ->  ipc  the  pres- 
sure  for  0*0°  is  -10  db  on  the  rigid  baffle  1.6  wavelengths 
beyond  the  edge  of  the  nonrigid  strip,  and  -6  db  8 wavelengths  beyond 

j 10 

the  edge. 

Another  indication  of  the  effects  of  finite  patches  of  nonrigid 
baffles  can  be  obtained  if  we  consider  the  reception  by  an  array  on 
an  infinite  rigid  plane  baffle.  The  array  elements  have  a finite 
Impedance  looking  into  the  mechanical  terminals  from  the  water 

side,  i.e.,  a force  exerted  on  the  circular  piston  of  an  array  element 
is  equal  to  times  the  velocity  of  the  piston.  If  a plane  wave 

is  incident  on  the  array  at  a grazing  angle,  then  the  wave  will  pass 
over  the  finite  impedance  array  elements  before  it  reaches  the  last 
column,  and  thus  the  pressure  at  the  last  column  will  be  reduced  just 
as  if  the  plane  wave  had  passed  over  a finite  nonrigid  baffle  (i.e., 
the  plane  wave  does  not  know  the  difference  between  nonrigid  surfaces 
which  are  transducer  elements  or  which  are  parts  of  baffle).  Consequently,  ; 


let  us  examine  the  force  or  velocity  in  the  last  column  of  such  an 
array  as  a function  of  the  length  of  the  array.  For  an  array  of  6 rows 


V.  ^*anguIis,  On  the  Effects  of  a Nonrigid  Strip  in  a Baffle  on  the 
ttogaaation  of  Sound.  J.  Sound  & Vibration,  vol.  2,  p.  23  (1965). 
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and  N columns,  spaced  20  cms  apart,  circular  pistons  o£  radius 
6.35  cms,  > - i 5.3  pc,  frequency  3000  cps,  the  ratio  of  the 
maximum  velocity  in  the  array  to  the  velocity  in  the  last  column  is 


Table  III.  A-II 


Velocity  differences,  db 


f] 

^ 0 

I fS 

I 
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given  in  Table  II.  Thus  the  velocity  or  force  decreases  as  the 
length  of  the  array  is  increased.  For  an  infinite  array  the  average 
pressure  on  an  element  near  grazing  angles  is  given  by  Eq.  (1)  if  we 
replace  Z„  by  divided  by  the  ratio  of  the  piston  area  to  the 

D L 

12 

area  of  the  baffle  per  element,  and  therefore  for  an  infinite  array 
the  pressure  approaches  zero  as  -►  0°.  Thus  again  we  see  that  non- 
rigid  baffles  of  finite  extent  do  not  reduce  the  pressure  at  grazing 
angles  as  much  as  nonrigid  baffles  of  infinite  extent.  Consequently 
we  can  regard  our  work  on  the  infinite  baffle  with  a discrete  set  of 

g 

resonators  as  a pessimistic  overestimate  of  the  losses  suffered  due 
to  the  finite  rigidity  of  the  baffle,  and  if  the  infinite  plate  calcula- 
tions show  negligible  losses  due  to  the  finite  impedance  of  the  plate 
with  resonators,  then  the  losses  can  be  expected  to  be  negligible  for 
the  baffle  of  finite  extent  also. 


A.  Kane,  unpublished  data. 

V.  Mangulis,  Infinite  Array  of  Circular  Pistons  on  a Rigid  Plane 
Baffle . J.  Acoust.  Soc.  Am.,  vol.  34,  p.  1558  (1962). 
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In  suimnary,  the  calculations  show  that  resonators  or  stiffeners 
spaced  at  distances  of  4 cms  (or  less)  rigidize  a 1/4  or  1/2  inch 
thick  plate  sufficiently  so  that  the  pressure  levels  are  acceptable 
over  a bandwidth  of  1000  cps. 

One  should  note  that  in  an  actual  baffle  design  the  spacings 
between  resonators  will  probably  be  Irregular,  in  which  c<tse  the  pres- 
sure levels  may  be  improved,  because  a regular  spacing  (which  was 
assumed  in  the  above  calculations)  permits  the  development  of  flexural 
waves  in  the  plate  and  supports  various  resonance  effects  which  may 
be  suppressed  by  an  Irregular  spacing. 

One  might  think  that  the  performance  of  the  plate  could  be  just 
as  well  improved  by  adding  the  mass  of  the  resonators  to  the  plate, 
thus  making  the  plate  thicker.  However,  an  increase  in  the  thickness 
of  the  plate  also  increases  the  flexural  wavelength,  and  if  the  wave- 
length in  water  divided  by  cos0  matches  the  flexural  wavelength,  the 
pressure  at  the  plate  is  zero.  For  example,  if  we  had  added  the 
resonator  mass  at  4 cm  spacing  to  the  1/2  inch  plate,  then  at  2500  cps 
the  wavelength  in  water  would  match  the  flexural  wavelength  in  the 
plate  at  end-fire,  and  the  thick  plate  would  act  as  a pressure  release 
surface  near  end-fire. 
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B.  Experimental  Results 
1 . General 

The  baffle,  the  structure  which  houses  the  flush  trans- 
ducers, has  been  Investigated  analytically  for  the  Impedance 
that  It  exhibits  to  Incident  acoustic  energy.  The  prime 
utility  of  the  baffle  Is  maintaining  a high  Impedance  to  both 
normal  and  grazing  waves. 

This  same  baffle,  however,  as  part  of  a ship  must  main- 
tain seaworthiness  of  the  vessel.  This  would  be  no  problem 
If  the  baffle  could  be  of  conventional  design,  l.e.  framing 
on  rather  small  centers  for  both  the  horizontal  and  verti- 
cal directions,  with  plating  of  moderate  thickness  to  carry 
the  hydrostatic  pressure  loads  and  skin  stresses.  The  de- 
sign of  a baffle  for  high  impedance  through  the  sonar  band  of 
interest  demands  large  panel  sizes,  a specific  configuration 
for  the  sea  chests  that  cover  the  transducers,  and  resona- 
tors between  the  sea  chests. 

The  baffle  with  transducers  must  withstand  exposure  to 
battle  situations  at  the  worst,  and  all  the  design  conditions 
for  a sea  going  vessel.  Structural  loadings  on  the  panel  re- 
sult from  ship  motions  and  the  hydrostatic  pressures  of  immer- 
sion. A very  intense  structural  loading  to  the  baffle  occurs 
in  the  presence  of  a nearby  underwater  explosion.  This  situa- 
tion is  a design  condition  for  the  array.  Closely  related  to 
the  structural  problem  is  the  noise  isolation  problem.  A 
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compromise  always  exists  In  the  degree  to  which  the  baffle 
should  be  coupled  to  the  ship's  hull.  A stiff  coupling 
solves  structural  problems  and  allows  a good  path  for  ship's 
self-noise  to  the  baffle.  A more  flexible  coupling  is  in- 
ferior structurally,  but  reduces  the  noise  level  at  the 
transducers. 

These  topics  were  discussed  in  TRG-023-'IM-66-7  entitled 
"structural  Considerations  in  Detection  of  Array  Configurations" 
by  I.Melnick.  The  subject  material  is  reproduced  below  (para  III.B.2) 
because  it  is  pertinent  to  the  problem  of  evaluating  approaches 
to  designing  a baffle. 

Scale  model  impedance  tests  have  provided  a rapid  and 
inexpensive  way  of  evaluating  experimentally,  a series  of 
hull  configurations.  Although  the  test  information  cannot 
be  as  valuable  as  that  obtained  from  a full  scale  reproduction 
of  the  baffle  in  water,  trends  and  comparisons  can  be  relied 
upon. 

The  test  data  of  paragraph  III.B.3  is  identical  to 
Report  No.  TRG-023-TM-67-1  entitled"Scale  Model  Baffle  Impe- 
dance Tests" (U)  by  I.Melnick.  This  material  is  added  here 
to  present  a fuller  picture  of  the  theoretical  and  experimental 
evidence  for  the  TRG  baffle  concept  in  a single  document. 

The  design  of  the  TRG  baffle  leads  to  welding  problems  that 
are  more  sever  than  those  associated  with  normal  ship' s framing. 
Previous  analyses  and  experimentation  has  shown  that  a solution 
to  these  welding  problems  is  available  in  a state-of-the-art 
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electron  beam  welding  system.  The  section  entitled  "Position 
on  Electron  Beam  Welding"  supplies  the  history  and  details  of 
the  baffle  welding  problem. 

A section  of  this  position  paper  describes  the  TRG 
position  on  an  array-covering  membrane.  Although  this  subject 
is  not  of  immediate  significance  to  the  project,  the  subject 
matter  is  related  to  baffle  design.  The  particular  paragraph 
(III.B.5)  is  entitled  "TRG  Position  on  the  Array-Covering 
Membrane. " 
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2.  Structural  Considerations  in  Selection  of  Array 

Con  f igura  t ions 

A sonar  array  utilizing  an  air-backed,  rigid,  baffle 
generates  specific  structural  requirements.  Some  of  these  re- 
quirements are  severe  enough  to  initiate  investigations  into 
novel  structural  designs  for  hull  plating. 

A description  of  the  loading  conditions  is  a logical 
starting  point  for  an  investigation  into  structural  problems. 

The  sonar  array  must  be  located  below  the  water  sur- 
face to  effect  an  efficient  transfer  of  acoustic  energy.  It 
also  should  be  placed  as  deep  as  possible  to  prevent  cavitation 
in  transmission,  and  surface  noise  and  bubble  effects  in  recep- 
tion. Lowering  of  the  physical  location  of  the  array  increases 
the  hydrostatic  forces  acting  on  its  outer  surface,  and  results 
in  a high  external  pressure  even  with  the  ship  stationary  in 
still  water. 

A ship  is  exposed  to  increased  hydrostatic  forces  on 
its  plating  when  it  moves  in  a heavy  sea.  The  forward  portion 
of  the  ship,  particularly,  is  exposed  to  slamming  loads  which 
can  amount  to  approximately  three  times  the  static  pressure 
forces.  Conventional  ship's  framing  is  adequate  to  withstand 
these  forces  with  economical  utilization  of  small  panels  and 
numerous  frames  and  longitudinals. 

Combat  ships  have  an  additional  hydrostatic  force 
which  must  be  resisted  with  a limited  damage  level.  This  force 
results  from  a nearby  underwater  explosion.  The  ship  senses  the 
rapid  pressure  rise  of  the  shock  wave  from  the  explosion.  Sur- 
face ships  also  experience  a rather  large  upward  acceleration 
immediately  after  the  initial  sharp  pressure  pulse  passes. 

Again,  as  in  the  case  of  hydrostatic  loading,  conventional 
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ship  design  yields  an  economical  arrangement  of  plating,  frames 
and  longitudinals  to  resist  underwater  explosions  to  an  adequate 
degree . 

The  location  of  the  array  as  far  underwater  as  possible 
places  the  array  structures  far  from  the  centroid  of  the  ship's 
bending  cross-section.  This  location  Induces  large  tension  or 
compression  stresses  In  the  plane  of  the  hull  from  the  ship's 
bending  moments  In  the  vertical  plane.  Compressive  stresses 
acting  In  the  plane  of  a hull  panel  can  Induce  Instability,  es- 
pecially when  the  lateral  forces  of  the  hydrostatic  load  are  also 
acting.  This  Instability  can  Induce  failures  at  weak  spots  like 
welds  and  at  cutouts  In  panels  where  transducer  sea  chests  replace 
hull  material.  As  with  the  previously  described  loads,  conven- 
tional ship  framing  with  small  panel  dimensions  Is  not  as  sensi- 
tive to  panel  buckling  as  the  anticipated  sonar  plating. 

A description  of  the  sonar  hull  plating  is  helpful  in 
justifying  the  above  statements.  The  spacing  of  the  transducers 
of  an  array  should  be  determined  by  acoustic  requirements.  Com- 
promises with  a uniform  spacing  of  transducers  must  be  made  for 
the  vertical  and  horizontal  members  that  are  required  for  the 
ship's  structural  integrity.  In  addition,  the  uniformity  of 
the  transducer  array  is  disturbed  by  the  fact  that  at  least  one 
vertical  butt  weld  is  required  every  8 feet  for  manufacturing 
practicability  and  this  weld  cannot  be  near  the  ship's  vertical 
structural  members. 

Every  structural  member  added  after  considering  the 
above  mentioned  items  will  further  translate  the  transducers 
from  their  optimum  location  and  lower  the  array's  transmission 
and  reception  efficiency.  Additional  structural  members  also 
reduce  the  effectiveness  of  resonators  unless  the  members  act 
as  extremely  deep  beams.  In  the  sonar  keel,  for  example,  bulk- 
heads which  are  solid  except  for  a reinforced  access  hatch  do 
not  lower  hull  Impedance,  but  normally  sized  structural  tees 
Impair  the  high  Impedance  attained  by  resonators.  Thus,  the 
largest  sized  panels  that  meet  all  structural  requirements 
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will  yield  the  most  satisfactory  overall  sonar  performance.  The 
distance  between  major  frames  is  a practical  limit  for  the  long- 
itudinal extent  of  the  typical  panel.  This  dimension  is  7 feet 
for  "Fletcher"  class  destroyers  and  is  8 feet  for  a ship  like 
USS  SPOKANE.  The  vertical  dimensions  of  the  panel  is  determined 
by  the  desired  height  of  the  array,  and  is  limited  by  structural 
requirements . 

There  are  beamformer  designs  under  development  which 
can  easily  compensate  for  any  radius  of  curvature  of  the  hull 
plating  or  any  deviation  of  the  array  pattern  from  theoretical. 
In  the  event  that  such  a beamformer  is  used  in  the  C/P  array, 
the  hull  shape  will  be  determined  only  by  a naval  architectural 
decision  and  Section  B can  be  disregarded. 

Intermediate  structural  members,  if  introduced,  limit 
the  number  of  resonators  that  can  be  placed  between  sea  chests 
which  further  detracts  from  the  attainable  plate  impedance. 

In  summary  therefore,  environmental  loading  of  ship's 
hull  plating  becomes  a problem  when  the  panel  size  is  increased 
as  presently  intended  for  the  C/P  array.  At  worst,  a compromise 
will  have  to  be  made  between  sonar  performance  and  structural 
integrity.  At  best,  panel  sizes  will  be  large  enough  to  insure 
adequate  sonar  performance  and  structural  integrity  will  be 
established  both  analytically  and  experimentally. 

Particular  aspects  of  the  problem  are  discussed  in 
the  following  paragraphs. 

a.  Influence  of  Hull  Radius  of  Curvature  on  Gain  of  an  Array 

An  array  of  transducers  arranged  in  a cylindrical  sur- 
face will  suffer  a loss  in  gain  as  compared  to  that  same  array 
located  in  a flat  surface,  if  the  curvature  is  not  9ompensated 
for.  An  attempt  to  eliminate  the  loss  in  gain  will  result  in 
a more  complicated,  more  costly,  and  less  reliable  beamformer. 

An  indication  of  the  effect  of  radius  of  curvature  on  gain  of 
the  array  is  tabulated  in  Figure  III.B-1.  The  calculations  were 
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made  for  an  array  of  12  elements  in  height  at  a frequency  of 
3 Khz  and  the  losses  are  given  for  the  worst  steering  angle. 

b.  Resistance  of  the  Hull  Plating  (Formed  Convex  Outward)  to 
Hydrostatic  Pressure 

The  choice  of  configuration  for  the  hull  plating  of 
a curved  panel  with  the  convex  side  facing  the  sea  is  based 
upon  the  high  rigidity  and  low  stress  levels  that  result  from 
the  hydrostatic  loading  of  that  configuration. 

A cylinder  or  portion  of  a cylinder  resists  external 
or  internal  hydrostatic  pressure  by  inducing  membrane  stresses 
in  the  circumferential  and  axial  direction.  The  stresses  in 
the  axial  direction  from  hydrostatic  forces  are  small  in  ship- 
board problems  because  of  the  large  cross  sectional  area  of  the 
ship  available  to  resist  these  loads.  The  magnitude  of  cir- 
cumferential stresses  are  a function  of  plate  thickness,  exter- 
nal pressure  and  the  radius  of  curvature.  The  radius  of  curva- 
ture should  be  made  small  to  limit  the  circumferential  stress, 
but  this  is  also  a parameter  of  the  sonar  design  as  described 
above.  A flat  plate  is  acoustically  desirable  but  would  suffer 
from  excessive  stresses  and  deflections  under  the  hydrostatic 
pressure.  A compromise  is  required  to  optimize  the  performance 
of  both  the  sonar  and  the  structure.  From  the  structural  point 
of  view,  the  required  thickness  of  hull  plating  as  a function  of 
plate  curvature  is  shown  in  Figure  II.B-2.  The  criterion  for  estab 
lishing  the  minimum  required  thickness  is  buckling  from  external 
pressure.  A design  load  of  34  psi  was  used,  that  being  a rather 
severe  level.  The  conclusions  to  be  drawn  from  Figure  2 is  that 
reasonable  hull  thicknesses  can  be  relied  upon  to  design  a hull 
free  of  buckling  limitations . 

c.  Resistance  of  a Concave  Hull  of  Varying  Radius  of  Curvature 
to  Hydrostatic  Pressure 

If  the  hull  plating  is  formed  to  a concave  outward 
radius  of  curvature,  the  buckling  problem  of  the  convex  outward 
configuration  is  eliminated.  However,  substituted  for 
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the  buckling  problems  Is  the  fact  that  tensile  diaphragm  stresses 
now  appear  rather  than  compressive  stresses.  Tensile  stresses 
ara  far  more  serious  because  tensile  failures  are  more  dangerous . 
This  Is  of  even  greater  consequence  when  a large  amount  of  weld- 
ing Is  present,  as  In  the  present  case.  A saving  feature  arises 
In  that  the  welding  technique  \mder  consideration,  electron  beam 
welding,  has  shown  excellent  strength  values,  and  high  consistency. 

The  required  thickness  for  a varying  plate  radius  of 
curvature  under  the  concave  outward  configuration  Is  shown  In 
Figure  III.B-3.  Again,  we  can  conclude  that  reasonable  plate 
thicknesses  will  withstand  the  loading. 

d.  Array  Plating  Resistance  to  Shock  Loading 

Shock  loading  of  the  array  plating  will  result  In  the 
maximum  stress  levels  seen  by  the  plating.  The  analysis  of  a 
plate  under  shock  loading  Indicates  that  the  plate  dimensions 
and  the  thickness  of  the  plate  are  the  most  sensitive  parameters. 

The  radius  cf  curvature  of  the  plating  will  affect  the  stress 
level  to  a lesser  extent. 

One  complicating  feature  of  the  shock  loading  problem 
Is  the  determination  of  the  allowable  stress  level,  or  deforma- 
tion, to  be  accepted  within  the  confines  of  resisting  an  under- 
water explosion  and  being  able  to  continue  combat  and  return  to 
base . 

Even  when  allowable  stress  levels  are  established,  the 
analytical  solution  to  the  problem  of  determining  an  acceptable 
plate  thickness  Is  complicated  by  the  fact  that  plastic  deforma- 
tion Is  Involved. 

The  program  for  establishing  the  resistance  of  the  sonar 
plating  to  the  design  shock  condition  must  then  make  use  of  ade- 
quate experimentation.  In  addition  to  analysis,  to  assure  a reliable 
structure . 
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It  is  too  early  in  the  program  to  establish  the  panel 
sizes  for  various  plating  thicknesses,  but  the  restraint  does 
exist.  One  can  reasonably  state  that  a concave  outwardly  shaped 
hull  with  good  welding  will  be  safer  than  a convex  outwardly 
shaped  hull  because  the  danger  of  buckling  is  eliminated. 

e.  Effects  of  Hull  Shape  on  Sea  Chest  Geometry 

The  hull  shape  influences  the  sea  chest  geometry.  A 
flat  hull  allows  the  inboard  end  of  the  sea  chest  a definite  maxi- 
mum dimension  for  the  bolting  arrangement. 

When  a convex  outward  hull  form  is  chosen,  the  maxiinum 
dimension  of  the  sea  chest  end  is  limited  by  a decrease  in  the 
radius  of  curvature  and  is  always  smaller  than  for  a flat  hull. 

When  a concave  outward  hull  form  is  utilized,  the  maxi- 
mum dimension  for  the  sea  chest  end  is  always  greater  than  for 
a flat  hull  and  increases  with  decreasing  radius  of  curvature. 

It  is  important  to  design  the  inboard  end  of  the  sea 
chest  with  a reliable  joint  that  eliminates  leakage  from  the  sea. 

f.  Isciation  From  Ship's  Noise 

It  may  be  of  advantage  to  the  overall  system  performance 
to  isolate  the  sonar  structure  from  the  self-noise  sources  within 
the  ship.  This  will  result  in  a higher  signal-to-noise  ratio  and 
attendant  advantages. 

When  sonar  hull  plating  is  incorporated  in  a "blister", 
isolation  takes  the  form  of  a peripheral  joint  about  each  section 
of  hull  plating.  A "soft"  mount  for  the  plate  will  reduce  the 
noise  levels  in  the  plate.  Naturally,  the  plate's  resistance 
to  hydrostatic  and  shock  forces  will  be  lowered  by  the  mount. 

This  lowering  of  structural  strength  is  strongly  dependent  upon 
the  plate  dimensions. 

When  the  sonar  hull  plating  is  incorporated  in  a sonar 
keel,  it  seems  likely  that  the  isolation  joint  can  be  placed 
between  the  sonar  keel  and  the  ship.  In  this  configuration,  the 
maximum  sized  sonar  panel  is  not  limited  by  requirements  for 
isolation. 
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g.  Alternative  Solutions  to  the  Excessive  Structural  Loading 
of  Large  Panels. 

In  the  event  that  large  panel  sizes  are  not  safe  from 
the  structural  viewpoint,  a compromise  may  be  made  In  the  Intro- 
duction of  Intermediate  stiffeners  and  the  acceptance  of  a reduced 
sonar  efficiency. 

Another  possible  solution  to  the  problem  of  Inadequate 
structural  strength  for  a large  panel  is  the  introduction  of  an 
Intermediate  stiffener  which  comes  into  play  only  when  large 
plate  deformations  occur.  This  stiffener  will  traverse  the  plate 
but  not  touch  it . A definite  air  gap  at  one  or  more  points  will 
be  maintained  between  the  plate  and  stiffener.  When  large  loads 
appear  on  the  plate  and  large  deformations  result,  the  air  gap 
will  be  eliminated  and  the  intermediate  stiffeners  will  be  loaded. 
This  system  offers  the  advantage  of  the  strength  of  the  inter- 
mediate stiffener  without  compromising  the  acoustic  impedance. 

h.  Sonar  Keel  Proposal  Drawings 

The  drawings  included  in  this  report,  SK  023-114  and 
SK  023-115,  show  how  an  array  will  be  fitted  to  the  contour  of  exist- 
ing ships.  In  both  cases,  an  array  of  12  elements  in  height  is 
shown  inclined  at  an  angle  of  15“  to  the  vertical. 

Both  arrangements  require  approximately  the  same  addi- 
tional height  added  to  the  ship,  but  the  concave  hull  shape 
needs  the  extra  7 inches  to  accommodate  transducer  replacement 
on  row  1. 

Both  designs  can  be  faired  into  the  ship's  lines  with 
the  concave  design  showing  a smooth  transition. 
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3.  Scale  Model  Baffle  Impedance  Tests 

The  accompanying  photographic  prints  were  reproduced 
from  the  acceleration  records  made  of  the  response  of  various 
acoustic  baffle  models  that  were  tested  In  the  TRG  Acoustic 
Test  Chamber. 

The  Initial  object  of  the  experiment  was  to  obtain 
experimental  data  on  the  mechanical  Impedance  of  baffles 
proposed  by  TRG  and  G/D.  The  acoustic  test  chamber  had  already 
been  used  to  obtain  data  In  air  which  agreed  with  the  experi- 
mentally determined  behavior  of  the  same  baffle  configuration 
In  water.  An  analysis  of  scaling  laws  suggested  that  we 
could  scale  frequency  and  physical  dimensions  inversely. 

The  TRG  proposed  hull  configuration  consists  of 
plating  with  sea  chests  and  resonators. 

Two  sets  of  data  for  the  G/D  baffle  are  presented: 
a slotted  aluminum  block  with  cylindrical  holes  for  trans- 
ducers of  4* inch  and  5-inch  diameters. 

Sets  of  data  for  1/6  scale  model  tests  and  1/4 
scale  model  tests  are  presented.  Historically,  the  1/6  scale 
models  were  chosen  first  due  to  the  ready  availability  of 
raw  aluminum  block  of  the  necessary  thickness  for  the  G/D 
model.  Later,  thicker  sections  were  found  to  be  available 
and  a 1/4  scale  model  was  made.  The  availability  of  data 
from  both  scales  allows  further  substantiation  of  the 
scaling  laws  being  used. 

The  reference  for  the  experiments  is  a steel  plate 
of  3/4  inch  full  scale  thickness,  this  being  representative 
of  existing  hull  plating  near  the  keel  of  a large  ship. 

The  data  recorded  In  this  experiment  Is  the  output 
voltage  of  an  accelerometer  mounted  on  the  particular  test 
piece.  The  test  piece  is  accelerated  by  an  acoustic  wave 
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produced  by  a loud  speaker.  The  accelerometer  is  mounted  on 
the  side  of  the  test  piece  that  Is  not  Insonlfled.  A special 
effort  Is  made  to  prevent  the  acoustic  field  from  leaking 
around  the  Joint  between  the  test  piece  and  the  acoustic  test 
chamber  to  minimize  the  pressure  response  of  the  accelerometer, 
which  was  found  to  be  a problem.  Accelerometers  were  first 
mounted  on  the  Insonlfled  side  to  provide  a greater  number  of 
possible  accelerometer  locations  on  the  TRG  models  where 
the  other  surface  was  covered  by  sea  chests  and  resonators. 

The  requirements  for  reliable  data  required  that  freedom  In 
the  location  of  accelerometers  be  compromised.  The  solution 
was  an  accelerometer  located  on  the  non- Insonlfled  side  of 
the  brass  plug  which  represented  the  transducer  In  the  model. 
The  two  locations  where  accelerometer  data  were  taken  were 
prepared  by  cementing  the  simulated  transducers  to  the  hull 
structure.  All  other  simulated  transducers  were  Isolated  from 
the  hull  structure. 

Data  were  taken  on  a point  at  the  center  of  the  model 
and  near  an  edge  to  determine  the  uniformity  of  the  plate 
response . 

The  loud  speaker  location  within  the  test  chamber 
was  moved  to  give  head-on  insonif ication  (normal  incidence) 
and  Insonif Ication  at  45“  to  the  plate  (grazing  incidence) . 

a.  Data  Analysis 
Figure  lII.B-4 

The  lower  half  of  this  plate  shows  the  geometry  of 
the  test  samples.  The  upper  graph  illustrates  the  effect  of 
the  pressure  sensitivity  of  the  accelerometer  when  the 
accelerometer  was  mounted  In  the  test  chamber  (In  acoustic 
field)  and  outside  the  test  chamber  (without  acoustic  field) . 
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The  lower  graph  Is  a check  of  accelerometer  mounting 
technique.  The  red  and  green  curves  compare  the  response 
of  the  accelerometer  when  screwed  In  plate  (a  result  of 
locating  the  accelerometer  on  the  simulated  transducer)  with 
the  response  when  cemented  In  plate  (the  usual  procedure 
when  mounting  accelerometers  on  the  Insonlfled  surface) . 
rhe  green  and  blue  curves  compare  the  response  of  two  different 
accelerometers  sequentially  taken  at  the  same  location. 

Figure  III.B-5 

In  this  plate  the  acceleration  response  of  the  TRG 
hull  model  Is  compared  to  the  response  of  a reference  plate 
for  the  frequency  band  between  9 and  19  kc  (full  scale 
frequency  range  1.5  to  3.16  kc) . The  length  of  the  model's 
sea  chests  Is  scaled  to  a full  size  length  of  16  Inches. 

At  grazing  angles  of  Incidence,  a considerable  re- 
duction In  plate  acceleration  Is  accomplished  throughout 
the  active  sonar  band,  and  below  It. 

A smaller  effect  Is  noticed  In  the  data  taken  at 
normal  Incidence.  Fortunately,  a high  hull  Impedance  Is  not 
as  necessary  at  this  angle  of  Incidence. 

It  Is  reasonable  to  expect  that  even  lower  acceler- 
ations will  be  recorded  with  larger  sized  test  plates.  This 
model  Is  only  one  quarter  of  the  size  of  the  panel  being 
proposed  for  the  array. 

Figure  III.B-6 

This  data  compares  the  reference  plate,  the  GD 
model  with  5"  holes  (full  scale) , and  the  TRG  model  with 
19  Inch  sea  chests  (full  scale) . Comparing  the  response  of 
the  16  Inch  long  sea  chests  from  Plate  2,  the  longer  sea 
chests  result  In  a lowered  Impedance  at  the  higher  frequencies 
of  the  sonar  band. 
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The  data  on  the  GD  model  suggests  there  are  many 
modes  of  vibration  throughout  the  sonar  band.  These  1/6  scale 
test  results  are  worse  in  this  respect  than  the  1/4  scale 
tests  described  later. 

Figure  III.B-7 

This  1/6  scale  model  test  was  performed  on  a block 
of  aluminum  slotted  into  the  shape  shown.  Although  it  would 
seem  that  this  plate  would  show  a high  impedance  because  of 
the  large  number  of  "resonators,"  the  response  was  only 
slightly  better  than  the  reference  plate.  The  mass,  however, 
of  the  slotted  block  is  10  times  that  of  the  reference  plate. 

It  should  then  show  a resporse  20  db  below  the  reference 
plate.  This  is  accomplished  at  only  a few  frequencies.  A 
possible  explanation  for  this  effect  is  overcoupling  through 
the  basic  "plate"  between  resonators. 

Figure  III.B-8 

Plate  5 shows  the  response  of  1/4  scale  models 
of  the  GD  hull  form  with  4 inch  diameter  holes  compared  to 
a reference  plate.  The  low  frequency  response  is  good,  but 
the  effectiveness  of  the  design  is  limited  to  11  kc  on  the 
scale  model  (2.75  kc,  full  size). 

The  benefit  of  changing  the  hole  size  from  5 inches 
(Plate  6)  to  4 inches  is  evident.  The  frequency  where  the 
stiffening  effect  is  lost  was  moved  from  9.5  kc  (2.37  kc 
full  size)  to  11  kc  (2.75  kc,  full  size). 

Figure  III.B-9 

This  plate  shows  the  response  of  the  1/4  scale 
GD  hull  model  with  5 inch  holes  compared  to  the  reference 
plate.  As  previously  mentioned  in  the  description  of  Figure  4, 
the  plate  response  above  9.5  kc  (2.37  kc  full  size)  was 
inadequate . 
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Comparison  of  this  plate  with  Figure  3 shows  the 
effect  of  changes  in  scale. 

The  prominent  peak  in  the  acceleration  response  at  f 

14.4  kc  in  the  1/6  scale  (2.4  kc  full  scale)  in  Figure  3 ] 

corresponds  well  with  the  prominent  peak  at  9.7  kc  in  the  | 

1/4  scale  (2.425  kc  full  scale)  in  Figure  6.  However,  the 
1/6  scale  model  shows  excessive  acceleration  below  14.4  kc 
as  compared  with  the  1/4  scale.  This  suggests  that  the 
smaller  the  scale  the  less  dependable,  and  probably  the  more 

11 

pessimistic  the  result. 
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4.  PoslClon  on  Electron  Beam  Welding 

The  technique  used  by  TRG  to  establish  an  adequate  mechan- 
ical Impedance  for  the  baffle  requires  that  attention  be  paid 
to  how  such  a baffle  can  be  constructed. 

In  simplest  terms,  the  baffle  consists  of  plating  with 
holes  at  regular  Intervals.  The  holes  are  filled  by  attaching 
tube  like  sea  chests  and  welding  an  external  lip  on  these  sea 
chests  to  the  plating.  In  addition,  between  holes,  resonant 
stiffeners  are  added,  again  by  welding. 

At  first  glance,  the  fabrication  of  such  a structure 
does  not  present  any  special  difficulties.  Investigation  of 
the  requirements  of  the  design  reveals  the  complications. 

Some  Important  facets  of  the  problem  are: 

1.  At  first  cut,  rather  large  panels  are  under  con- 
sideration. Hull  sections  eight  feet  high  and  eight  feet 
long  with  144  sea  chests  per  panel  are  being  investigated 
because  this  arrangement  is  efficient  from  the  array  viewpoint. 
These  large  panels  now  have  no  internal  stiffeners  to  main- 
tain the  plating  shape,  at  present  a section  of  a large  radius 
cylinder.  The  welding  of  the  144  sea  chests  must  be  accomp- 
lished entirely  from  the  side  opposite  from  the  sea  chests 
because  of  tight  sea  chest  spacing.  Conventional  welding  will 
leave  a weld  cross-section  which  is  wider  at  the  side  from 
which  the  welding  is  accomplished  as  compared  to  the  other 
side,  at  least  for  plates  of  the  thickness  being  considered. 

A weld  with  such  a cross-section  will  shrink  more  upon  cooling 
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on  the  welder's  side  and  the  plate  will  gradually  form  Into 
the  sector  of  a sphere  from  this  deformation.  An  attempt  at 
removing  this  deformation  can  be  made  by  peening  after  each 
weld  pass,  but  results  are  never  satisfactory  In  terms  of 
straightness  of  the  final  weldment.  TRG's  experience  with  this 
problem  dates  from  the  fabrication  of  the  Dodge  Pond  Test 
Vehicle.  At  that  time,  all  attempts  at  removing  distortion 
such  as  peening,  staggered  welding  and  even  annealing  for 
24  hours  at  stress  relieving  temperatures  could  not  eliminate 
plate  distortion.  An  additional  point  of  interest  Is  the 
fact  that  the  Dodge  Pond  Test  Vehicle  used  plating  with  a bend- 
radius  of  12  feet,  this  stiffening  the  plating  against  dis- 
tortion compared  to  the  radii  of  25  feet  to  40  feet  being 
considered  today. 

Distortion  of  the  plating  will  introduce  additional 
ship's  drag,  flow  noise  and  mislocation  of  transducers  in 
the  thwartship  direction,  thus  interfering  with  beamforming. 

All  reasonable  attempts  at  eliminating  plate  distortion  are 
warranted. 

2.  The  sonar  baffle  is  subjected  to  severe  mechanical 
loadings.  These  originate  from  ship's  motion  in  high  seas, 
the  hydrostatic  head  at  the  sonar's  location  and  the  specifi- 
cation underwater  explosion  requirement.  The  hull  plating 
and  the  point  between  the  hull  and  sea  chest  is  subjected 
to  high  stress  levels  during  these  loadings,  yet  must  resist 
these  stresses  without  failures  to  insure  water  tightness  of  the 
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~ 3.  The  large  amount  of  welding  on  each  plate  demands 

**  a high  level  of  quality  control  of  the  welding  to  insure  that 

minimum  number  of  plates  are  scrapped  and  thus  to  insure  a 
low  welding  cost.  This  same  high  level  of  quality  control 
Insures  the  adequacy  and  uniformity  of  weld  strength. 

Concern  with  these  problems  led  TRG  to  first  inves- 
tigate an  automated  wire  fed  arc  welding  process  which  would 
Incorporate  automatic  peening  immediately  after  welding. 

All  attempts  at  this  type  of  welding  yielded  weld  beads  that 
were  too  wide  for  this  application.  If  used,  the  weld  beads 
for  each  sea  chest  would  touch  the  adjacent  beads,  creating 
a large  continuous  welded  pattern.  Such  a weld  configuration 
eliminated  too  much  of  the  high  strength  parent  material 
and  replaced  it  with  weld  bead  and  weld  affected  zone.  This 
could  not  be  relied  upon  to  carry  the  loads. 

TRG  meanwhile  had  investigated  other  forms  of  welding. 
Plasma  arc  gave  about  the  same  sized  weld  zone  as  MIG  and 
TIG, and  ultrasonic  welding  was  not  applicable.  TRG  had  built 
the  largest  laser  welder  to  date  and  that  device  could  not 
. . supply  the  energy  required  for  this  job. 

''  An  investigation  into  electron  beam  welding  showed 

p that  it  had  the  attributes  to  perform  satisfactorily  in  this 

project.  Among  it's  advantages  are: 

I 1.  Excellent  penetrating  power  with  the  capacity  to 

weld  through  many  times  the  thicknesses  of  steel  contemplated 
for  this  job. 
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2.  A weld  zone  with  a uniform  and  narrow  width.  In 
fact  widths  equal  to  10%  of  the  metal  thickness  are  attainable. 
This  ability  of  course  removes  the  major  source  of  plate  dis- 
tortion. 

3.  Completion  of  a weld  in  a single  pass  and  automatic 
control  of  start  and  stop  of  weld  in  addition  to  tight  con- 
trol of  weld  parameters  during  a weld.  This  now  gave  us  the 
ability  to  control  the  weld  quality. 

4.  A very  small  amount  of  power  used  to  weld.  This 
resulted  in  a small  heat  affected  zone,  again  leading  to 
uniform  and  high  weld  quality. 

5.  The  ability  to  weld  both  similar  metals  to  each 
other  and  non-similar  metals  too.  This  allowed  us  a wide 
range  of  materials  for  the  hull  plating  and  the  sea  chest. 

6.  The  possibility  of  low  cost  welding,  important 
because  of  the  large  number  of  welds  per  system. 

Among  the  disadvantages  of  the  process  are: 

1.  Rather  limited  use  to  date,  but  increased  usage 
noticeable  for  both  military  and  commercial  projects.  High 
reliability  applications  such  as  fabrication  of  the  Saturn 
booster  and  attachment  of  the  XB-70  wings  had  already  been 
accomplished. 

2.  The  need  for  a rather  high  vacuum  in  which  the 
workpiece  must  be  placed.  This  results  in  a higher  cost  of 
equipment  than  conventional  welding  but  simultaneously 
creates  a welding  atmosphere  that  is  free  of  oxygen  to  a 
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greater  extent  and  with  greater  surety  than  use  of  an  inert 
gas. 

3.  The  need  for  a vacuum  requires  a chamber  to  con- 
tain the  vacuum.  The  workpiece  under  consideration  is  too 
large  for  all  the  chambers  now  in  existence. 

It  was  felt  at  the  time  that  the  equipment  problem 
could  be  solved  if  the  electron  beam  welding  process  was 
satisfactory.  Some  attempts  to  get  data  on  the  strength  of 
small  weldments  was  then  undertaken,  with  the  plan  of  using 
the  connnercial  electron  beam  chambers  then  available. 

Along  these  lines  several  courses  of  action  were  under- 
taken. At  first,  small  samples  of  steel  and  stainless  steel 
of  one  half  inch  thickness  were  butt-welded  together.  Then, 
more  elaborate  test  samples,  closer  to  the  expected  config- 
uration were  fabricated.  During  this  process  we  learned  what 
was  necessary  in  the  way  of  controlling  the  fit  between  the 
sea  chest  and  the  hole  in  the  plate.  When  we  were  able  to 
obtain  welds  that  radiographed  well,  we  ran  a small  test 
program  on  the  welds  produced. 

The  major  problem  with  the  strength  of  welds  in 
general  is  low  fatigue  strength  resulting  from  the  cast 
structure  associated  with  the  welding  process.  Therefore, 

18  of  23  test  samples  were  checked  for  fatigue  strength  on  a 
rotating  beam  tester.  Three  weld  test  samples  were  tension 
tested  and  a control  specimen  of  each  of  the  base  materials, 
HY-80  and  316  stainless  steel  was  also  tested.  All  tests 
were  performed  by  a qualified  testing  laboratory. 
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The  test  results  were  very  encouraging.  Four  of  the  23 
endurance  samples  ran  In  excess  of  10,000,000  cycles  without 
failure,  with  a range  of  stress  of  25,000  psl  to  37,500  psl. 

The  weld  quality  was  not  too  high;  evidence  of  porosity  ex- 
isted whenever  a failure  occurred.  Still  the  endurance  limit 
for  the  material  was  stated  by  the  laboratory  as  being  In  ex- 
cess of  27,000  psl.  The  tensile  test  samples  revealed  a 
similar  picture,  with  the  yield  strengths  of  the  welded  samples 
exceeding  the  yield  strength  of  the  stainless  steel  control 
sample.  The  problems  of  weld  quality  were  felt  to  be  asso- 
ciated with  poor  set-up  and  Inadequate  setting  of  machine 
parameters.  The  set-up  problem  can  be  solved  by  attention, 
and  a weld  parameter  study  can  continue  this  first  quantita- 
tive effort  at  Investigating  electron  beam  welding.  Along 
these  lines,  a rather  elaborate  program  ($8000)  of  welding 
and  testing  was  proposed  to  obtain  the  Information  on  weld 
quality.  It  was  never  approved. 

In  another  direction,  an  attempt  was  being  made  to  test 
transducers  and  the  TRG  baffle  concept  under  the  shock  loading 
of  the  UERD  test  set-up  at  Norfolk  Naval  Base.  To  accomplish 
this  test,  9 sea  chests  were  electron-beam  welded  to  a plate 
and  resonators  placed  between  the  sea  chests  by  the  stud 
welding  process.  Minor  failures  In  the  test  box  and  major 
failures  of  the  transducer  resulted  from  the  early  tests,  but 
we  were  able  to  pass  the  full  series  of  shots  eventually  for 
the  electron-beam  welding,  the  resonator  attachment  and  the 
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transducer.  An  interesting  side  line  to  these  results  is  that 
the  sea  chests  so  stiffened  the  baffle  section  that  no  de- 
formation from  the  shock  resulted.  This  was  not  true  of  even 
small  area  panels  without  sea  chests.  An  indication  exists 
therefore  that  the  large  panel  (8  feet  by  8 feet)  with  sea 
chests,  has  an  inherent  shock  resisting  capacity  far  in  ex- 
cess of  the  same  sized  panel  without  sea  chests.  This  shock 
hardening  feature  can  be  increased  by  interlocking  the  sea 
chests  in  a hexagonal  pattern  rather  than  a square  pattern. 

For  all  the  above  testing,  some  material  choices  had 
to  be  made.  The  first  cut  at  material  selection  resulted 
in  HY-80  for  a hull  material  and  316  stainless  steel  as  a 
sea  chest  material.  The  reasons  for  HY-80  were  high 
strength, low  notch  sensitivity, and  adequate  weldabilityj 


while  the  stainless  steel  enjoyed  high  corrosion  resistance, 
high  pitting  resistance  and  high  ductibility.  There  is  no 
reason  to  believe  that  these  materials  cannot  be  welded. 
Nevertheless  it  is  wropg  to  base  the  analysis  of  the  ade- 
quacy of  electron  beam  welding  for  the  conformal  array  pro- 
gram on  these  materials  above.  The  choice  of  hull  and  sea 
chest  materials  should  be  as  affected  by  welding  considerations 
as  any  other  considerations  such  as  strength,  ductibility, 
corrosion  resistance, facility  of  non-destructive  testing, 
cost,  etc. 

In  summary,  therefore,  the  TRG  position  on  welding  is 
as  follows : 
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1.  Preliminary  investigation  has  concluded  that  elec- 
tron beam  welding  is  the  most  promising  method  of  assembling 
the  TRG  baffle  configuration. 

2.  A series  of  tests  to  determine  welding  parameters 
and  strengths  of  welds  is  required  to  assure  the  preliminary 
conclusion. 

3.  A new  investigation  into  the  availability  of  an  elec- 
tron beam  welder  with  the  capability  of  fabricating  an  eight 
foot  by  eight  foot  panel  should  be  made  because  more  than  one 
year  has  gone  by  since  the  last  such  attempt. 

4.  In  the  absence  of  an  available  electron  beam  welder, 
a custom  welder  to  fabricate  the  baffle  should  be  procured. 

This  machine  will  be  capable  of  continuing  the  parametric 
studies  and  also  be  capable  of  producing  test  panels,  the 
sea-going  panels  for  the  ESS  and  subsequent  models. 

Note:  TRG  has  retained  Prof.  Clyde  M.  Adams  of  M.I.T. 

to  give  an  opinion  on  the  practicability  of  welding  HY-80 
steel  to  316  stainless  steel  by  the  electron  beam  process. 

His  report  will  be  forwarded  as  soon  as  available. 
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5.  TRG  Position  on  the  Array-Covering  Membrane 

A membrane  has  been  proposed  to  increase  the  performance 
of  the  planar  array.  The  gains  from  such  a construction  have 
been  stated  as: 

1.  protection  of  array  structure  against  the  effects 
of  cavitation  from  high  level  transducer  operation. 

2.  a reduction  in  the  flow  noise  sensed  by  the  transducers. 

3.  a smoothening  of  the  hull  resulting  in  decreased 
flow  resistance  and  flow  noise. 

If  one  assumes  that  the  above  statements  are  accepted 
as  fact  there  are  still  disadvantages  which  must  be  weighed 
against  the  accepted  gains  to  establish  whether  an  increase 
in  cost  effectiveness  has  been  accomplished.  Some  outstand- 
ing objections  to  installing  a membrane  on  a ship  are: 

1.  Increased  system  initial  cost  and  maintenance  cost. 

2.  A decrease  in  the  effectiveness  of  the  anti-fouling 
coating.  This  coating  will  adhere  better  to  a rigid  surface 
like  a metal  hull  rather  than  a flexible  material  such  as  an 
elastomeric  membrane.  If  the  anti- fouling  material  can  be 
compounded  in  the  elastomer,  and  caused  to  leach  out  slowly 
for  protection,  a limited  life  for  the  membrane  would  still 
result.  Even  if  this  life  was  as  great  as  some  claims,  5 
years,  the  job  of  removing  the  membrane  and  attaching  a new 
one  would  be  costly  and  time  consuming. 

3.  A susceptibility  to  increased  flow  noise  due  to  a 
section  of  the  membrane  being  dislodged  by  bond  failure,  or 
relatively  mild  collision  with  sea  debris. 
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4.  A decreased  resistance  to  the  effects  of  an  under- 
water explosion.  At  the  extremely  high  pressures  In  the 
shock  wave  of  an  underwater  explosion,  the  membrane  may  con- 
ceivably fall  In  the  parent  material  rather  than  at  the  bond 

5.  A decreased  margin  of  safety  against  sea  tightness 
when  the  membrane  Is  used  as  a seal  as  In  the  GD/EB  MCI 
approach,  because  of  the  unproven  nature  of  the  design. 

6.  A decreased  margin  of  safety  against  galvanic  cor- 
rosion when  used  as  an  electrical  Insulator  as  In  the  GD/EB 
MCI  approach  again  due  to  the  unproven  nature  of  this  design. 
In  this  case  a local  damage  to  the  membrane  which  scrapes 
the  aluminum  surface  treatment  would  create  a catastrophic 
couple.  A small  area  of  the  aluminum  would  become  anodic  to 
any  unpainted  area  of  the  steel  hull.  This  would  result 

in  a rapid  loss  of  mass  for  the  aluminum.  This  condition 
can  rapidly  proceed  to  leaking  sea  water  into  a transducer 
cavity  to  short  out  a transducer  and  then  soon  thereafter 
to  leaking  through  the  hull  with  it's  attendant  dangers. 

Only  If  these  above  disadvantages  still  do  not  out- 
weigh the  advantages  is  it  necessary  to  examine  the  ad- 
vantages. As  an  exercise,  assum  that  is  the  situation,  we 
must  then  examine  the  advantages  of  the  membrane  addition. 

It  has  been  stated  that  a membrane  would  protect  the 


metal  hull  against  damage  from  transducer  cavitation.  To 
allow  this  statement,  there  must  be  evidence  that  the  phenomenon 
occurs  on  the  sonar  being  contemplated  or  in  a substantially 
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bi:nilar  condition.  There  is  no  such  evidence.  If  such  evi- 
dence existed,  one  can  question  whether  the  high  levels  of 
transducer  operation  which  cause  cavitation  must  be  tolera- 
ted or  whether  safeguards  against  that  situation  are  required. 

Still  one  step  farther,  if  transducer  cavitation  must  be 
tolerated,  what  is  the  best  method  of  preventing  damage  to 
the  system  of  transducers  and  hull.  This  is  a difficult 
question  to  answer.  There  is  evidence  that  cavitation  damage  can  be 
reduced  by  at  least  three  main  avenues  of  design.  They  are: 

1.  Using  a metal  with  a high  fatigue  endurance  limit 
and  a low  corrosion  rate. 

2.  Protecting  the  material  with  a coating  attached 
by  metal  spraying  or  welding  overlay.  The  added  material 
would  be  identical  to  the  previously  mentioned  one. 

3.  Utilizing  a bonded  elastomeric  coating. 

Evidently,  if  cavitation  resistance  must  be  added 

to  the  sonar  structure,  there  are  more  possibilities  than 
an  elastomeric  coating.  The  method  of  overlaying  or  cladding 
the  hull  with  a cavitation  resistant  metal  layer  looks 
particularly  advantageous  in  this  application.  A layer  of 
316  stainless  steel  or  monel  is  mentioned  in  the  cited  article 
as  being  effective.  In  addition  one  would  surely  add  Hastelloy 
C.  to  the  list  because  it  is  the  most  corrosion  resistant 
alloy  (for  sea  water)  that  is  known,  aside  from  the  fact  that 
it  is  inherently  anti- fouling.  When  one  looks  at  the  advantages 

y ■ ~ — ~ 

How  to  Protect  Materials  against  Cavitation  Damage, Materials 
in  besign  Engineering,  March  1967. 
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of  such  a material  in  reducing  maintenance  costs  for  the 
hull,  it  may  be  indicated  even  without  considerations  of 
cavitation  damage  resistance. 

Returning  again  to  the  second  stated  advantage  of  an 
elastomeric  membrane,  flow  noise  reduction,  we  can  again 
question  the  contention.  TRG  is  working  in  this  area  at  pre- 
sent and  though  it  feels  that  a noise  reduction  is  possible, 
it  can  not  state  that  a guarantee  of  noise  reduction  can  be 
made. 

The  third  contention,  that  a membrane  will  smooth  a 
hull,  can  be  easily  countered.  If  the  coating  is  vulcanized 
to  the  metal,  high  temperatures  and  pressures  are  used. 

It  is  difficult  to  imagine  that  deflections  in  tooling  for 
large  pieces  and  variations  in  elastomer  properties  and 
temperature  gradients  will  leave  the  elastomer  unifonn  in 
thickness.  Again  even  if  one  could  apply  a uniform  thickness 
of  coating,  the  installation  of  the  array  would  introduce 
a dry  docking  situation  where  welder's  splatter  and  contact 
damage  are  possible.  This  would  in  turn  demand  an  unreasonably 
costly  protection  or  repairs  to  damage  which  would  compromise 
the  smooth  surface.  In  service,  damage  from  debris,  rough 
seas,  fouling,  and  scraping  from  anchor  chains  would  soon 
leave  the  elastomer  surface  less  smooth  than  a metal  hull  can 
be  kept  permanently. 

To  summarize  TRG's  position  with  regard  to  an  elastomeric 
membrane  covering  the  array  we  state: 
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1.  The  use  of  a membrane  to  reduce  flow  noise  Is  a 
proper  subject  to  investigate. 

2.  If  that  Investigation  Indicates  that  an  overall 
gain  in  system  effectiveness  seems  possible,  then  an  evalua- 
tion of  elastomeric  materials  and  other  compliant  materials 
such  as  fiberglass  laminate  should  be  undertaken  to  determine 
suitability  for  the  application. 

3.  A large  effort  in  flow  noise  reduction  at  this 
moment  is  not  warranted  since  it  hinders  the  main  line  effort 
of  getting  a sonar  to  sea.  The  program  definitely  belongs 

in  the  product  improvement  stage  of  the  sonar's  life. 

4.  An  effort  at  investigating  the  effect  on  materials 
near  a cavitating  transducer  should  be  undertaken  to  evaluate 
the  severity  or  the  situation.  Again  this  should  not  hamper 
the  development  of  the  array  because  many  possible  solutions 
exist  for  the  potentially  damaging  condition. 
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6.  Some  Previous  Baffle  Tests  In  Water 

Some  further  experimental  data  which  support  the  posi- 
tion that  resonators  adequately  stiffen  a baffle  are  discus- 
sed below.  In  an  early  report^  we  show  the  measurements  of 
the  far  field  pattern  of  a single  transducer  element  mounted 
In  the  end  of  a drum  6 feet  In  diameter,  operating  at  8 kc/s. 

The  radiation  pattern  comparison  Is  given  In  Figure  III.B-10 
one  element  mounted  In  the  resonator  stiffened  end  and 
another  mounted  In  the  opposite  end,  without  resonators. 

The  pattern  on  the  stiffened  side  shows  an  end- fire  loss  of 
6.5  db  due  to  diffraction,  while  on  the  side  without  reson- 
ators there  Is  an  end- fire  loss  of  17  db. 

2 

In  another  experimental  test  we  measured  the  far  field 
patterns  of  single  elements  (see  Figure  III.B-11)  and  of  an  array 
of  elements  in  a resonantly  stiffened  baffle  closely  resembling 
a portion  of  the  proposed  sonar  keel.  Figure  III.B-11  shows  only 
the  expected  6 db  diffraction  loss  near  grazing  angles; 
there  are  no  other  losses,  which  indicates  that  the  baffle  has 
been  rlgldlzed. 


^V.  Mangulls,  S. Gardner,  A.Novick,  W. Graham,  A Study  of 
Conformal  Arrays  for  Long  Rang^e  Sonars . Phase  Two.  TRG-142- 
TR-2  (1963) ; (Confident laT)  ; Vol.  iii.  Appendix  J(i;  AD  336  258, 

^J. Lyons,  T.DeFilippis,  Results  of  the  Dodge  Pond  Test  Program 
on  a 6xi2  Element  Conformal  Array.  TRG-l4Z-TN-b4-5(19b41 ; 


(Contldentiai) ; AD  37/  88k. 
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FIGURE  m.B. 


n PULSED  TRANSMITTING  DIRECTIVITY  PATTERN  AT  4.0  kc  FOR 
A SINGLE  ELEMENT  MOUNTED  IN  THE  TEST  VEHICLE 
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IV.  TRANSDUCER  DESIGN 


A.  Transducer.  Load.  Radiation  Impedance  Calculations 

For  the  sparse  planar  array  o£  circular  pistons  we  have  the 
capability  o£  calculating  the  radiation  load  £or  any  piston,  beam, 
and  £requency  condition  in  an  economic  way.  We  have  several  computer 
programs  which  are  now  in  use  at  TRG  for  the  computation  o£  radiation 
Impedances  of  elements  o£  large  planar  arrays  of  circular  pistons 
driven  with  uniform  velocity  amplitude.  The  heart  of  the  computation 
is  the  same  for  all  of  the  programs;  the  difference  between  programs 
is  in  the  post-processing  of  the  resulting  radiation  impedances. 

The  model  used  in  these  calculations  assumes  that  the  array  and 
its  baffle  are  contained  in  an  infinite  plane  and  the  baffle  is  con- 
sidered infinitely  rigid.  These  assumptions  are  reasonable  since  the 
diffraction  effects  due  to  baffle  flnlteness  and  array  curvature  upon 
radiation  impedance  are  negligible.  These  diffraction  effects  are 
discussed  in  Section  II. A and  are  shown  to  be  tolerable  if  neglected. 

As  for  baffle  rigidity,  we  have  demonstrated  experimentally  that  we 
have  achieved  adequate  baffle  rigidity  in  our  Dodge  Pond  experiments 
and  recently  in  scale  model  measurements.  The  mechanism  by  which 
rigidity  is  obtained  is  theoretically  explained  in  Section  III.  Further- 
more, transient  effects  due  to  Initial  propagation  delay  cause  radia- 
tion impedance  changes  of  approximately  507.  and  since  the  elements  of 
the  array  are  velocity  controlled  this  amount  of  variation  is  not  a 
problem;  transient  effects  are  discussed  in  Section  II. B. 
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The  heart  of  the  radiation  Impedance  program  is  the  calculation 
of  radiation  impedance  of  each  piston  in  the  array.  If  the  velocity 
distribution  is  given,  then  the  radiation  impedance  is  defined. 

In  our  calculation,  we  consider  all  individual  element  velocities 
to  be  of  equal  magnitude,  and  to  have  phases  which  make  all  pressures 
add  constructively  in  the  steering  direction.  The  magnitudes  of  the 
velocities  are  determined  from  consideration  of  cavitation  after  all 
Impedances  are  computed.  For  the  computation,  unit  magnitude  is  used. 

Since  we  know  the  velocity,  we  can  use  the  mutual  Impedance  for 
circular  pistons  on  an  infinite,  rigid,  plane  baffle;  consequently, 
it  seems  like  a straight  forward  procedure  to  compute  the  radiation 
Impedance  for  all  pistons  for  each  beam,  and  computationally  it  is 
true.  However,  this  method  requires  quite  a bit  of  computer  time. 

To  compute  all  the  Impedances  by  brute  force  at  one  steering  angle 
requires  approximately  0.12  hours  of  computation  for  an  array  of  about 
2500  pistons. 

We  can,  however,  take  advantage  of  the  fact  that  the  velocity 
oiagnitudes  are  all  equal,  and  that  the  columns  of  the  array  are  uniformly 
spaced.  By  taking  advantage  of  this  symmetry  we  obtain  a large  saving 
in  computation  time.  The  time  required  by  this  method  was  found  to 
be  .01  hours  per  beam  for  2300  pistons,  a better  than  10  to  1 savings 
in  computational  cost. 
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In  addition  we  single  out  the  locations  and  Impedances  of  the 

following  pistons:  those  with  maximum  resistance,  reactance  magnitude, 

and  phase;  minimum  resistance,  and  reactance;  average  resistance  and 

average  reactance.  We  also  compute  the  velocity  which  causes  cavitation, 

the  acoustic  power  output,  the  directivity  index,  source  level,  self 

impedance,  and  characteristic  Impedance. 

Numerous  calculations  of  radiation  impedances  for  different  array 

1 2 

configurations  have  been  performed  over  the  years.  * The  ranges  of 
radiation  impedance  values  encountered  Indicate  that  it  is  possible 
to  design  a sparese  array  with  circular  piston  elements  so  as  to  have 
velocity  control. 

B.  Determination  of  an  Acceptable  Rockine  Impedance  Level 


The  acceptable  rocking  impedance  level  is  much  less  of  a problem 
with  5"  diameter  sparse  circular  elements  than  with  7"  square  dense 
elements.  In  an  analysis  to  arrive  at  this  acceptable  level  we  must 
consider  the  effects  on  the  far-field  radiation  of  the  array  due  to 
this  rocking  motion  of  the  transducers.  To  this  end  a quantity  known 
as  Wobble  Impedance  is  defined  as  the  ratio  of  moment  on  the  piston 


V.  Mangulis , A.  Kane,  Some  Acoustic  Calculations  for  a Large  Array. 
TRG-Oll-Memo-64-2  (1964);  Confidential. 

A.  Kane,  Computation  and  Collation  of  Radiation  Impedances. 
TRG-023-TM-66-33  (1966). 
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face  to  the  angular  velocity  of  the  face.  Obviously,  there  is  some 

3 

acoustic  radiation  due  to  the  rocking.  We  estimate  these  effects  for 
an  Infinite  planar  array  of  circular  pistons,  and  while  we  admit  that 
the  numbers  obtained  are  for  an  infinite  array  only  and  are  estimates, 
they  may  be  useful  in  the  design  of  sonar  transducers  to  be  used  in 
a finite  array. 

To  find  the  moment  on  the  piston,  we  consider  the  near  field 

4 

pressure  in  an  infinite  array  of  circular  pistons.  The  moment  is 
found  by  integrating  the  pressure  over  the  face  of  the  piston.  The 
ratio  of  this  moment  and  the  angular  velocity  is  the  rocking  impedance. 

It  should  be  noted  that  the  radiation  impedances  for  the  infinite 
array  are  in  very  close  agreement  with  those  for  a large  finite  array 

4 

for  angles  not  too  near  end  fire.  Therefore  we  can  assume  that  for 
the  finite  array  we  can  use  the  rocking  evaluated  at  some  angle  near 
end  fire  and  get  reasonable  estimates.  The  results  of  these  calculations 
for  a 1 db  degradation  at  15°  from  end  fire  are:  995  in. -lb. -sec ./rad, 
for  3 kc/sec.  and  313  in. -lb. -sec ./rad.  for  2 kc/sec. 

If  we  have  a transducer  with  a wobble  impedance  higher  than  these 
values  over  the  2-3  kc  band,  we  assume  that  the  ratio  of  wobble  velocity 
to  longitudinal  velocity  is  small  enough  so  that  the  far -field  pattern 
will  not  be  degraded  by  more  than  one  decibel  at  end  fire.  Note  that 

3 

V.  Mangulis,  Acoustic  Radiation  from  a Wobbling  Piston.  J.  Acoust.  Soc. 
Am.  40,  349  (1966). 

4 ^ 

V.  Mangulis,  Near  Field  Pressure  for  an  Infinite  Phased  Array  of 
Circular  Pistons.  TRG-023-TN-66-18  (1966);  to  appear  in  J.  Acoust. 

Soc.  Am.,  Feb.  1967  issue. 
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this  degradation  includes  the  directivity  of  the  piston  in  the 
longitudinal  mode.  If  this  directivity  is  not  Included,  the  accept- 
able wobble  impedance  levels  are  lower  than  those  listed  above.  For 
the  purposes  of  this  study,  we  use  the  more  stringent  constraints. 

C.  Wobble  Impedance  of  the  Transducer  Element 

The  wobble  Impedance  of  a transducer  element  is  defined  as  the 
complex  ratio  of  torque  at  the  face  of  the  element  to  angular  velocity 

3 

of  the  face.  The  determination  of  this  quantity  is  carried  out  using 
a two  degree  of  freedom  model  of  the  transducer  - "Timoshenko  Beam 
Theory."  This  model  is  used  because  it  includes  effects  of  pure  bending, 
shear  deformation  and  rotary  inertia  of  the  several  sections  of  a 
transducer,  and  it  couples  these  motions  together. 

Since  the  transducer  element  does  not  have  constant  cross-section 
geometry  along  its  entire  length,  and  since  the  solution  to  the  "Timoshenko 
Beam"  equation  is  not  conveniently  expressible  in  a suitable  closed 
form,  a finite-difference  equation  technique  is  used  to  obtain  a solution. 

The  "beam"  is  divided  into  segments  (each  being  small  compared  to 
the  flexural  and  shear  wavelengths  at  the  frequencies  of  interest) , and 
in  each  segment  the  differential  equations  are  represented  by  finite 
difference  equations.  Obviously,  as  the  number  of  divisions  increases, 
the  approximation  gets  better,  and  in  the  limit,  as  the  length  of  each 
segment  approaches  zero,  the  difference  and  differential  equations  are 
the  same.  A detailed  description  of  the  method  of  setting  up  the 
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difference  equations  Is  given  In  Ref.  3. 

The  difference  equations  are  represented  by  an  electrical  circuit 
analog.  Each  section  of  the  beam  Is  analogous  to  a four-port  electrical 
network- two  Input  and  two  output  ports.  One  port  at  the  Input  side 
represents  bending,  and  the  other  port  represents  shear  deformation. 

In  the  "Timoshenko  model,"  these  deformations  are  coupled  within  the 
section.  The  four-port  representation  permits  matching  at  the  boundaries 
of  the  following  quantities: 

a)  y-deflection  (time  derivative) , 

b)  slope  (time  derivative) , 

c)  moment, 
and  d)  shear . 

Note  that  since  sinusoidal  time  variation  is  assumed,  time  differentiation 
is  equivalent  to  multiplication  by  lx (radian  frequency).  These  four 
boundary  conditions  characterize  the  two  degree  of  freedom  system. 

The  circuit  for  each  section  is  represented  by  a 4 x 4 transfer 
matrix,  and  the  transfer  matrices  are  cascaded  to  form  the  overall 
transducer  transfer  matrix.  The  wobble  Impedance  is  obtained  from  this 
matrix  by  applying  the  following  boundary  conditions; 


Barnoskl,  R.L.,  The  Use  of  Passive  Element  Electrical  Analogs  in 
Numerically  Calculating  the  Response  Characteristics  of  Beams.  IEEE 
Transactions  on  Aerospace  - Support  Conference  Proceedings,  AS-1 , 
pp.  474-492  (1963). 
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a)  moment  at  rear  end  is  zero, 

b)  shear  at  rear  end  Is  zero, 

and  c)  ratio  o£  displacement-to-shear  at  front  end 

is  input  (usually  a very  large  number , so  that  the 
shear  is  effectively  zero  at  the  front  end.) 

These  boundary  conditions  are  sufficient  to  determine  the  ratio 
of  moment  to  angular  velocity  (time  derivative  of  slope)  at  the  front 
face  of  the  transducer. 

D.  Initial  Transducer  Design  (Considering  Rocking  and  Velocity  Control) 

Since  the  rocking  Impedance  is  the  characteristic  of  present 
concern,  the  initial  design  utilized  a ceramic  stack  which  performed 
well  in  the  longitudinal  mode'.  This  stack  was  the  one  used  in  the 
C.P.  1.1  element. 

A 5.85  kg  rear  mass  was  used  with  the  above  stack  and  the  front 
mass  was  chasen  such  that  the  voltage  across  the  stack  was  minimized 
at  2.5  kc/s  for  a given  acoustic  drive.  This  resulted  in  a 3.4  kilogram 

I 

front  mass.  The  element  configuration,  as  seen  in  Figure  IV.D.-l  does 
not  include  a tension  bolt  and  it  utilizes  a cylindrical  section  Instead 
I of  a conical  section  for  the  front  mass.  This  modification  does  not 

I 

materially  alter  the  longitudinal  or  rocking  behavior  of  the  element. 

^ A longitudinal  evaluation  of  this  transducer  element  was  made  by 

I subjecting  the  design  element  computationally  to  the  extreme  acoustic 
loads  encounted  in  21  sample  beams  for  an  array  of  12  x 229  five  inch 
elements.  These  extreme  loads  Include  those  which  possess  maximum 
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resistance,  inductance,  Impedance,  and  phase  angle;  minimum  resistance 
and  inductance. 

The  results  o£  this  computation  is  the  VA,  Input  power.  Input 
phase  angle,  efficiency,  and  stack  voltage  for  each  extreme  load.  How- 
ever since  It  Is  generally  agreed  that  the  VA  required  to  drive  the 
transducer  to  cavitation  is  a primary  problem  area,  the  maximum  VA 
required  is  plotted  in  Figure  IV.D.-2  versus  frequency.  Also  plotted 
is  another  variable  of  interest,  stack  voltage.  This  evaluation  was 
run  for  three  300  c/s  bands  low,  mid,  and  high,  centered  at  215,  2.S 
and  2.83  kc/s  respectively.  In  each  band  the  input  tuning  was  held 
constant.  Note  from  this  plot  that  in  this  element  the  600  VA  maximum 
was  not  exceeded  and  the  electric  stress  of  5 volt/mll  was  not  exceeded. 

The  switching  of  the  input  tuning  network  is  only  necessary  because  of 
the  requirement  of  limiting  the  maximum  VA  drive  required  of  the  driver 
amplifier  to  be  less  than  600  VA  when  transmitting.  However  during 
reception  because  of  the  large  (mechanical  output  impedance)  band- 

width of  this  element,  the  total  sonar  band  can  be  received  by  use  of 
only  the  mid  band  input  tuning  network. 

After  examining  the  results  of  the  VA  plot  it  was  Included  that 
a minimization  of  the  stack  voltage  at  2.4  Instead  2.5  kc/s  would  have 
reduced  the  VA  drive  required  toward  the  low  band. 

During  the  rocking  impedance  analysis  of  the  element  several 
variations  of  this  element  which  have  the  identical  longitudinal  behavior 
were  examined  in  regard  to  their  rocking  resonance  behavior.  This  involved 
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a study  o£  the  rocking  impedance  variations  with  changes  in  O.D.  o£ 
the  ceramic  stack  for  constant  cross  section  area  of  the  stack  and 
changes  in  rotary  inertia  of  the  back  mass  for  a constant  mass. 

Figure  IV.D.-l  shows  the  element  configuration  which  had  the 
largest  rocking  impedance  bandwidth  as  is  indicated  in  Figure  IV.D-3. 
This  bandwidth  is  a function  of  the  acceptable  wobble  impedance  level 
discussed  in  Section  IV -B. 

It  should  be  noted  that  in  these  rocking  calculations  we  used 
the  same  shear  factors  that  G.D.  use  in  the  rocking  analysis  of  the 
C.P.  1.1  element  so  that  the  results  may  be  compared.  The  shear  factor 
for  a solid  cylinder  is  10/9  and  not  1.17  as  G.D.  used. 


ROCKING  IMPEDANCE,  |zj,  IN-LBS  SEC 


FIGURE  DL  D-3.  ROCKING  IMPEDANCE  OF  THE  5 ROUND  ELEMENT 
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V.  NAVAL  ARCHITECTURE 


The  manner  In  which  the  conformal /planar  sonar  array 
baffle  is  stiffened  for  use  with  a sparse  transducer  array, 
or  the  choice  of  sparse  or  dense  transducer  packing  (array 
factor) , affects  the  naval  architectural  characteristics  of 
the  vessel  upon  which  the  array  may  be  Installed  In  several 
ways.  The  basic  effects  have  to  do  with  the  weight,  volume 
and  power  requirements  of  the  particular  sonar  array  design 
under  consideration.  These  factors  change  the  total  vessel's 
weight  (and  buoyancy  for  equilibrium)  both  in  magnitude  and 
distribution,  and  therefore  its  resistance,  stability,  long- 
itudinal bending  strength,  seaworthiness  and  possibly  Its 
maneuverability.  The  possibility  exists,  but  is  considered 
not  likely,  that  the  type  of  baffle,  or  choice  of  array  factor, 
may  cause  a change  in  the  hull  form  configuration,  or  shape 
of  the  hull  Including  the  sonar  array.  Such  a change  would 
also  affect  the  vessel's  weight  and  buoyancy  relationship 
as  well  as  the  resistance,  stability,  etc.  It  would  also 
change  the  underwater  flow  conditions  which  determine  the 
bubble  sweepdown  conditions. 

With  regard  to  the  proposed  ESS  installation  aboard  the 
USS  SPOKANE,  all  of  the  comments  given  in  Section  6 of  TRG's 
report  of  March  1966^^^  still  apply.  In  addition  to  this 
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material  a preliminary  design  and  cost  estimate  of  the 
keelster  has  been  prepared  by  M.  Rosenblatt  & Son,  Inc.^^^. 

This  report  treated  In  detail  the  design  for  the  general 
approach  of  a sparse  array  with  resonant  baffle  stiffening 
within  the  keelster  type  hull  configuration.  The  sonar  keel 
approach,  also  presented  In  Reference  [1],  has  been  model 
tested  at  DTMB  for  resistance  and  flow  characteristics  [ 3] . 

These  tests  showed  the  relatively  small  Increase  In  effective 
horsepower  due  to  the  addition  of  the  sonar  keel  appendage 
to  the  SPOKANE.  The  proper  Interpretation  of  the  circulating 
flow  channel  data  Is  still  under  consideration,  but  It  does 
appear  that  the  flow  conditions  (with  respect  to  bubble  sweep* 
down)  are  as  good  or  possibly  Improved  over  that  of  other 
hull  configurations  (on  the  SPOKANE)  except  for  those  which 
Incorporate  a slot,  or  open  space  between  the  hull  and  array. 

The  buoyance  Increase  due  to  the  sonar  keel  on  the  SPOKANE 
Is  320  tons  S.W.  The  added  weights  due  to  the  ESS  installation 
are  estimated  In  Table  V-1  on  the  next  page.  Also  shown  on  the 
same  basis  for  comparison  Is  the  weight  estimate  detailed  by 
GD/EB  (4/1/67) , for  the  keelster  hull  configuration  and  with 
mass-controlled-lnterstlce  (MCI)  baffle  stiffening.  The  difference 
in  transducer,  baffle  and  structural  weight  groups  are  seen.  The 
sub-total  weight  of  Items  directly  associated  with  the  sonar  keel 

[21  Preliminary  Design  and  Cost  Estimate  for  Installing  ESS/CP 
Sonar  y^l-Keel  ’bnHXAA- 1 20  : U55  5 WKANE . M . RosenblatT  & gon . 

Inc.  Report  Ho.  P&CU-1712-Z!  June  1%6T“ 

(3J  Lin,  Alan  C.M.  and  Grant,  Jerald  W. , Flow  Characteristics  and 
Prediction  of  Effective  Horsepower  for  the  Contormai /Planar  Array 
Sonar  Program  - U^s  5p5KAne  with  TOC  Designed  Sonar  Keel  - kepre- 
sentea  ty^6  Moael  354Z-3.5avld  Taylor  ^odei  basin  Hydromecnanics 
Laboratory  Tesf  Report  C^l08-H-14,  January  1967,  CONFIDENTIAL 
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Weight  (Long  Tons 


Transducers 

Transducers  Support 
Structure  (Baffle) 
Array  Support  Framing 

Plating  below  array 

Longitudinal  bulkheads 

Bulkheads 

Bottom  Fairing 

Aft  fairing 

Structure  above  array 

Forward  fairing 

Stbd.  Shell  in  way  of 
ballast  tank 


Machinery 
Electrical 
Ventilation 
Foam  Fillers 


Sub -Total 

Cables , transducers  to 
sonar  equipt.  room 

Sonar  equipment 

Cables  to  power  genera- 
tion room 

Power  generation  equipt. 


Total 


TRG  Sonar 
Resonant  B 
Stiffen 


GD/EB  Keels ter 
MCI  (alum,  block] 
(A/1/67) 


43.0 


::?> 


30.7 

26.4 

15.0 
20.2 
21.9 

37.2 

19.1 

27.3 


346.3 


15.0 

63.0 


76.0 


506.3 


Based  on  weight  breakdown  shown  on  Table  V-2  on  next  page. 

From  "Preliminary  Cost  Estimate,  C/P  Array  CLAA120-USS  SPOKANE", 

M.  Roseblatt  & Son,  Inc.,  March  14,  1966,  included  in  S«Jction  6 
of  Reference  (1].  The  validity  of  these  estimates  is  borne  out 
by  the  detailed  estimate  for  the  keelster  in  Ref.  [2]. 

Includes  only  ship  service  functions  such  as  bilge  systems,  lighting 
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TABLE  V-2 
WEIGHT  BREAKDOWN 

TRANSDUCER  AND  RESONANT  STIFFENED  BAFFLE  FOR  ESS  INSTALLATION 
(Weights  are  given  in  pounds  per  transducer  unit) 


TRANSDUCER 
Front  niass 

13.2 

(Note:  number  of  transducer 

units  on  one  side  is 
12  rows  X 225  columns 
= 2700  units.) 

Rear  mass 

17.6 

Ceramic  stack 

10.0 

Shell  (enclosure) 

9.0 

Elastomeric  face 

0.6 

[*  2270  Ibs/ton  “ 

50.4  lbs. 

BAFFLE 

Plating  (3/4"  thick) 

8.1 

Sea  chest 

61. 0 

Resonators 

11.2 

Rear  cover 

4.5 

Rear  cover  hardware 

1.0 

Shock  retainer 

1.5 

X fro  - 

87.3  lbs. 
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Itself  Is  292.3  tons  and  Indicates  that  the  keel  appendage  Is 
close  to  neutrally  buoyant.  The  additional  weights  of  cables, 
sonar  equipment  and  power  generation  equipment  Is  taken  to  be 
the  same  as  estimated  by  GD/EB  since  they  should  not  change 
between  the  two  arrangements  (keel  vs.  keelster,  resonant  vs. 

MCI  stiffening).  Though  a current  detailed  estimate,  both  for 
the  items  shown  on  Table  V-1  as  well  as  for  other  ship  modifica- 
tion Items,  has  not  been  prepared.  It  does  appear  that  the 
effects  of  weight  and  buoyancy,  for  a sonar  keel  approach  with 
sparse  array  and  resonant  stiffened  baffle,  will  not  create 
seriously  adverse  problems  for  ESS  Installation  on  the  SPOKANE. 

This  is  based  on  the  above  rough  estimate  and  on  TRG' s detailed 
contract  design  and  specifications  for  construction  and  installa- 
tion of  a sonar  keel  on  the  DD709^^^.  Further  calculations 
should  be  based  on  detailed  Information  regarding  the  final 
status  of  armament  and  ammunltatlon  weights,  fuel  and  crew 
requirements  and  other  specific  ESS  Information.  Consideration 
should  then  be  given  to  the  basic  stability  and  strength  questions. 


Specifications  for  the  Installation  of  CONTACT  Sonar  System. 
Modifications  to  the  USS  HUGH  PURVIS  (DD709)  (and  attached 
drawings  and  calculations) . M.  Rosenblatt  & Son,  Inc.  No. 
27576,  May  l9b5,  CONFIDENTIAL 
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The  array  configuration  we  propose  uses  an  air  backed  baffle 
around  the  transducer  elements,  which  is  part  of  the  supporting  struc* 
ture  for  the  elements.  The  air  backing  of  the  baffle  is  essential 
to  the  use  of  the  principle  of  resonant  stiffening  of  the  baffle. 

The  stiffened  baffle  makes  possible  excellent  control  of  beam  patterns 
(the  only  vibrating  surfaces  are  the  elements),  and  tractability  in 
computation  of  radiation  impedances.  The  resonant  stiffening  also 
suppresses  structure  borne  vibrations.  The  sonar  keel  structure 
provides  a water  tight  housing  in  which  cables,  switches,  junction 
boxes  and  other  components  of  the  sonar  can  be  located.  The  housing 
displaces,  approximately,  the  weight  of  the  sonar.  It  provides  access 
to  all  the  transducer  elements  which  can  be  replaced  with  the  ship  in 
the  water.  The  geometry  is  compatible  with  the  use  of  a dome  should 
improvements  in  dome  design  make  the  use  of  a dome  desirable,  and 
justify  the  added  cost.  A considerable  sacrifice  in  ease  of  maintenance 
would  result,  however.  The  geometry  is  also  compatible  with  use  of 
a boot  adhered  to  the  housing  which  might  provide  noise  reduction  with- 
out so  great  a penalty  in  maintainability,  and  at  a lesser  cost. 


The  array  factor  in  the  proposed  sparse  array  configuration  is 
about  317L.  If  we  compare  the  cavitation  limited  power  outputs  of  a 
sparse  array  (31X  array  factor)  and  a relatively  dense  array  (65% 


array  factor) , we  find  that  the  power  output 
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array  by  lesa  than  0.5  db  near  end  fire,  and  by  about  2 db  near  broad- 
side.^ In  other  words,  near  end  fire,  where  the  array  perforsksnce  Is 
critical,  a sparse  array  will  perforin  just  as  well  as  the  more  expensive 
and  heavier  dense  array.  It  seems  Indisputable  that  the  rocking  effects 
are  less  severe  for  the  small  elements  In  the  sparse  array  than  for 
the  large  elements  In  a dense  array. 

Our  baffle  design,  resonantly  stiffened,  has  been  tested  experi- 
mentally In  water  several  times.  The  proposed  sonar  keel  Is  load 
bearing  and  shock-resistant.  The  resonant  stiffening  also  suppresses 
structure  borne  and  flow  excited  vibrations  of  the  baffle. 

We  believe  that  the  experimental  tests  and  theoretical  analyses 
which  we  have  performed  are  sufficient  to  prove  that  the  sparse  array 
in  a baffle  with  resonant  stiffening  offers  the  best  weapon  system 
performance  for  a fixed  amount  of  money.  We  do  not  think  that  any 
new  major  tests  or  calculations  are  necessary,  and  we  believe  that  a 
prototype  C/P  array  could  be  built  Immediately. 

Some  questions  have  been  raised  about  the  applicability  of  measure- 
ments In  air  to  results  In  water.  As  explained  In  Section  I,  we  are 
convinced  that  the  measurements  are  indeed  applicable.  Nevertheless, 
to  resolve  any  remaining  doubts,  one  might  repeat  the  set  of  measure- 
ments In  water.  However,  the  particular  measurements  in  air  are  not 
really  essential  to  our  argument  that  we  have  sufficient  proof  that  the 
resonantly  stiffened  baffle  with  a sparse  array  yields  a superior 


weapon  system  performance. 


ndatlons  for  Installation  of  ESS  on  the  USS  SPOKANE.  TRG  report 
(March  1966). 
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